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Introduction.
In surgical disciplines where bone has to be repaired, augmented or improved, bone substitutes 
are essential. Although bone banks, such as Eurotransplant, are founded to supply such 
substitutes, natural bone is not always the adequate material. For example, frequently these so- 
called bone grafts resorb after implantation (Epinette 1995). Further, they cannot be used as joint 
and tooth replacement, and recently also worries has been raised about the transfer of infectious 
diseases. Therefore, already since ancient times interest has been shown in the use of synthetic 
materials for replacement of lost or damaged bone tissue. The generic name of these tissue 
alternatives is biomaterials.
1.1. Biomaterials.
Biomaterials are defined as man-made materials which have been designed to induce a specific 
biological activity (Williams 1988). Osborne and Newesely (1980) classified implant materials 
as biotolerant, bioinert and bioactive. Biotolerant materials are surrounded by a connective tissue 
layer between bone and implant. Examples are polymethyl methacrylate (PMMA) bone cement 
and Co-Cr alloy. Bioinert materials, like zirconia, alumina, carbon and titanium, do not provoke 
the formation of fibrous tissue and show direct contact with the surrounding tissue. Bioactive 
materials cause the formation of a direct chemical bond with bone. For this type of materials, 
bone formation starts at the implant surface. Subsequently, this process can induce secondary 
reactions in the surrounding host bone (Clarke 1976, Ducheyne 1987). Examples of bioactive 
materials are glass ceramics (Hench 1971, Gross 1981, Wilson 1993, Kokubo 1992), and calcium 
phosphate ceramics (de Groot 1981, Jarcho 1981, Denissen 1984). It will be clear that for bone 
replacement purposes bioactive materials are preferred.
1.2. Properties and structure of calcium phosphate ceramics.
Calcium phosphate compounds belong to the orthophosphates. The atomic arrangement is built 
up around a network of PO4-groups, which gives the structure its stability. Ca-P ceramics are 
often found in nature as geological minerals. Table 1 summarises the chemical name, mineral 
name and the composition of various calcium phosphates.
The use of Ca-P ceramics as biomaterial is based on their similarity with the mineral phase as 
present in bone and teeth. Biological apatite consists of a mixture of calcium phosphate and other 
salts, such as whitlockite, carbonated apatite, calcium-deficient apatite and numerous impurities 
such as fluoride, magnesium, sodium, potassium and chloride. The most extensively used 
synthetic Ca-P ceramic, for bone graft purposes, is hydroxylapatite. This man-made 
hydroxylapatite is shown to be chemically and crystallographically similar, although not identical
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Table :
Ca/P Formula Name / Mineral Abbreviation
0.5 Ca(H2PO4)2.H2O Monocalcium Phosphate Monohydrate MCPM
1.0 CaHPO4.2H2O Hydrated Calcium Phosphate / Brushite DCP
'1.0 CaHPO4 Anhydrous Calcium Phosphate / Monetite ADCP
1.33 Ca8H2(PO4)6.5H2O Octacalcium Phosphate OCP
1.5 Ca3(PO4)2 Tricalcium Phosphate / Whitlockite TCP
1.67 Ca10(PO4)6F2 Fluorapatite FA
1.67 Ca10(PO4)6(OH)2 Hydroxylapatite HA
to, naturally occurring biological apatite. Stoichiometric hydroxylapatite has a hexagonal lattice, 
with a space group P63/ m. This space group is characterized by a six-fold c-axis perpendicular 
to three equivalent a-axes (a1, a2, a3) at angles 120° to each other with a=0.9418 nm and 
c=0.6884 nm ( JCPDS # 09-0432). The unit cell (smallest building unit) is illustrated in figure 
1 and contains a complete representation of the apatite crystal. Four “columnar” calcium atoms 
occupy the Ca(I) positions: two at levels z=0 and two at z=0.5. The remaining six “hexagonal” 
calcium atoms Ca(II) are arranged in triangular co-ordinate groups: one group of three calcium 
atoms is located at z=0.25 and the other group of three at z=0.75. The successive triangles are 
rotated 60° with respect to one other and form “tunnels” parallel to the c-axis. These tunnels 
contain the OH ions, which are located at the corner of the unit cell at z=0.20 or 0.30 and z=0.70 
or 0.80, respectively (figure 2). (Young 1967)
Young and Elliot (1966) found that the hexagonal structure of HA is lost if alternate hydroxyl 
columns are in opposite orientation (figure 3) and the unit cell is monoclinic due to the doubling 
in length of the b axis. An X-ray diffraction (XRD) study showed that this ordered arrangement 
of OH ions changed the mirror planes in P63/ m into b glide planes in P2X/ b (Elliot 1971).
An XRD pattern of a powdered HA shows diffraction peaks with minimal line broadening and 
high intensities, which indicates a well-crystallized material. The four strongest lines in this XRD 
pattern are 002, 211, 112 and 300 reflections corresponding 25.9°,31.9°,32.4° and 33.2° 2-Theta 
respectively (figure 4). Other crystalline phases, like TCP, TTCP and CaP can be detected with 
XRD when present above 1 wt %. Infrared (IR) absorption spectrum of a HA powder shows the 
characteristic OH and P-O absorption bands representing the vibrations of OH and PO4. The 
absorption bands for P-O appear at 1090, 1050, 970, 610 and 575 cm-1 and at 3570 and 635 cm-1 
are indicative of the O-H functional group (figure 5).
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Ca OP mH O
Figure 1. The unit cell of apatite crystal, projected along a-axis .
Figure 2. Arrangement of the ions around the vertical axis at the corners ot the apatite unit cell. This axis
is called the hexad or c-axis tunnel.
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Figure 3. Position of hydroxyl ions in (a) the hexagonal and (b) the monoclinic unit cell of a
hydroxylapatite structure.
2-Theta (degrees)
F igure 4. X-ray diffraction pattern of hydroxylapatite.
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Figure 5. Infrared spectrum of a hydroxylapatite powder.
1.3. Clinical applications of Calcium phosphate ceramics.
Calcium phosphate materials have been clinically applied in many areas o f dentistry and 
orthopaedics. Bulk material, available in dense and porous forms, is used for alveolar ridge 
augmentation, immediate tooth replacement and maxillofacial reconstruction (Aoki 1977, Nery 
1978, M etsger 1982, de Groot 1983). Further applications include increment o f the hearing 
ossicles, spine fusion and repair o f bone defects (van Blitterswijk 1990, Grote 1990).
However, because calcium phosphate bulk materials are mechanically weak, they cannot be 
subjected to loads other than compressive ones. Therefore, calcium phosphate coatings on 
metallic substrates have been developed, which are currently used in loaded situations, like total 
jo in t replacements and dental root implants (de Groot 1987, Cook 1988).
1.4. Biological studies to calcium phosphate bulkmaterial.
Various studies have demonstrated that calcium phosphate compounds with a Ca/P ratio o f less 
than 1.0, are not suitable for biological implantation. It has been described that M CPM  and DCP 
are not biocompatible with bone (Koster 1977, Driessens 1983). On the other hand, tricalcium 
phosphate (P-whitlockite ) has been reported to show a favorable bone response (Klein1983a-b, 
van Blitterswijk 1986).
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However o f all Ca-P ceramics, hydroxylapatite has been investigated most extensively. Several 
studies did demonstrate a good biocompatibility when implanted either in soft (Jansen 1985­
1990, Aoki 1987, van Blitterswijk 1990) or hard tissue (Denissen 1979, Jarcho 1981, de Groot 
1981, van Blitterswijk 1985).
FA and TCP are also used and again no adverse biological reactions were observed (Davis 1972, 
Driessens 1973, Moreno 1974, D uff 1980, Heling 1981, Lugscheider 1988, Okazaki 1981, van 
Blitterswijk 1993).
1.5. Calcium phosphate coatings.
Because o f the unfavorable mechanical properties o f bulk Ca-P ceramics, during the last 
decennium almost all research was focused on the development o f Ca-P coatings. To deposit such 
coatings several techniques can be used. The most relevant will be discussed in the following 
sections.
1.5.1. Plasma spraying.
The plasma spray technique was discovered accidentally in 1970 by a student who used the 
equipment to study melted and rapidly solidified aluminium oxide coatings on a metal substrate 
(Herbert 1988). Plasma spraying is a technique in which a DC (direct current) electric arc is 
struck between two electrodes, while a stream of (mixed) gasses passes through this arc. The arc 
turns these gasses into an ionized mixture (a plasma) o f high temperature and with a high speed 
o f up to 400 m/s. The temperature o f the plasma rapidly decreases as a function o f distance. 
W ithin the arc, values o f up to 20.000 K are reached, while 6 cm outside the electrodes, typical 
temperatures hover around 2.000 K to 3.000 K. A metallic, ceramic, or even polymeric powder, 
suspended in a carrier gas, can be fed into the plasma and impinged in a (partially) molten or 
plastic state towards a surface. Each surface, metal, ceramic, or even organic materials (such as 
paper), that is placed in plasma, will then be coated with a layer o f the same composition as the 
powder.
Plasma spraying is usually considered to be a "cold" process, although the temperature o f the 
particles may be much higher. Appropriate cooling techniques keep the temperature o f the surface 
to be coated below 100 to 150°C. A partially molten ceramic powder particle has an outside 
temperature o f at least 1000 °C, while a polymer particle still has a surface temperature o f several 
hundred degrees centigrade (figure 6).
Due to the very high temperatures o f the plasma, the thermodynamical instability o f calcium 
phosphate at such temperatures plays an important role in the final properties o f the deposited 
coating. Ideally, only a thin outer layer o f each powder particle gets into the molten plastic state
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HA Powder
Figure 6. Schematic representation of the plasma spray technique.
which unavoidably undergoes phase transitions. This plastic state is necessary to ensure dense and 
adhesive coatings, but should comprise a negligible volume fraction o f the calcium phosphate 
particle. By choosing an optimum relation between particle size (a molten layer o f given thickness 
on a large particle occupies a smaller relative volume than on a smaller one), type o f gas (the heat 
content o f a plasma, and thus the ability to increase the temperature o f a particle, depends strongly 
on the gas used), speed o f the plasma (the longer a particle resides in a plasma, the higher its 
temperature), and cooling process o f the coated surface, one obtains coatings with the desired 
calcium phosphate(s) and crystallinity (Mayer 1986, Cook 1988, W olke 1992).
1.5.2. Vacuum plasma spraying (VPS) or Low-pressure Plasma spraying (LPPS).
If  the plasma spraying process is done in a low-pressure atmosphere, advantages arise which open 
up completely new fields o f application for thermal spraying techniques. In particular, in a low- 
pressure atmosphere, particle velocity can be increased, and any harmful gas-metal reactions can 
be avoided or reduced (Disam 1994, Steffens 1995).
The low pressure in the working chamber (50-100 mbar) accounts for the considerable increase 
in the plasma je t size. W hile atmospheric plasma spraying gives a plasma je t length o f 4-10 cm, 
a flame o f 40-50 cm can be achieved by spraying in a low-pressure atmosphere. A disadvantage
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of low-pressure atmosphere is the increase o f the substrate temperature. On the other hand, due 
to the low pressure in the working chamber the plasma je t velocity can be increased up to three 
times the speed o f sound. This means that the material being sprayed is also discharged at higher 
velocity, which results in coatings with good adhesion and few pores (Wolke 1991).
1.5.3. High Velocity Oxygen-Fuel spraying (HVOF).
HVOF thermal spraying process is a combustion flame spray technique. A HVOF gun combines 
oxygen and fuel (hydrogen or propylene) to generate heat and extremely high particle velocities. 
The results o f this process are high bond strength and density. The exhaust flow can attain 
velocities o f about 1700 m/s, i.e. supersonic, with visible shock diamonds in the afflux. Although 
the velocity attained by injected particles is lower at 100-800 m/s. Flame temperature is limited 
to about 3000°C, which is low compared with plasma.
As with any thermal spray process, the objective o f the HVOF technology is to transfer energy, 
both kinetic and thermal, to the powder particles with a high degree o f efficiency and balance. 
W ith the relatively low temperatures associated with the HVOF systems, the feedstock material 
is made highly plastic by convective heat transfer preventing superheating or vaporization o f the 
individual particles. W hen the semi-molten particles impact the substrate, their temperature peaks 
as the high kinetic energy is transformed into thermal energy. Upon impact, the thermal 
component is absorbed uniformly by the substrate which results in a rapidly solidified coating 
with low residual stress. In general, HVOF coatings have a higher density and hardness than most 
thermal sprayed coatings, as well as, improved bond strength (Wolke 1991, Oguchi 1992). 
Further, X-ray diffraction indicates that the best crystalline structure is obtained from a HVOF 
system, due to the higher particle velocities and low energy o f the flame. This gives less 
decomposition o f the hydroxylapatite powder and as a result, a better crystalline structure. On the 
other hand, a HA-HVOF coating has the highest porosity. W hen the particles retain too short in 
the flame, they do not melt enough to obtain a dense coating. Consequently the density o f the 
thermal sprayed HA coatings decreases in the sequence HA-APS > HA-VPS > HA-HVOF. 
Finally, the in  vitro solubility tests in Gomori's buffer show clearly that in  vitro HA-HVOF is less 
soluble than HA-APS and HA-VPS (Wolke 1990).
1.5.4. Electrophoretic deposition.
Electrophoretic deposition has been used to achieve uniform Ca-P coatings on metallic substrates. 
This approach is especially useful for porous metal structures such as orderly oriented wire mesh 
(OOWM).
To create the coatings, calcium phosphate powders are electrophoretically deposited from a 3%
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suspension o f powders in isopropanol or other suitable liquid onto titanium. The coating 
thicknesses can be varied by changing the electrical field strength and the time o f deposition. The 
deposited powders are sintered in high vacuum (10-6 to 10"7 Torr) at 850 to 950oC. The resulting 
coating consists o f a number o f Ca-P phases. Further, at the coating-substrate interface a Ti-P 
compound is formed due to P diffusion into the Ti substrate. Because o f the densification during 
sintering, shrinkage and cracking of the coating can occur. Also thermal stresses induced by the 
differences in thermal expansion coefficients between the metal and the ceramic film during 
sintering and cooling can lead to cracking (Ducheyne 1986-1990)
1.5.5. Sol-gel deposition.
The solution-sol-gel route is considered as a method which results in ceramic coatings with an 
exact chemical and microstructural composition. The approach can be considered as a wet 
chemistry approach in which reagents, consisting o f the desired components for the coating, are 
mixed in solution either as a colloidal suspension o f inorganic particles, as metal alkoxides or 
other organic precursors. The coatings are prepared at low reaction temperature and fired at 
temperatures in the range o f 400 to 1000(C. The resulting coatings can be extremely dense and 
adhere strongly to the underlying substrate (Ducheyne 1980).
1.5.6. Hot isostatic pressing.
In this technique, titanium cores are coated with hydroxylapatite powder and then heated at 500 (C 
to remove the organic binder from the coating. Subsequently, the coated rod is placed in a glass 
encapsulating tube and a vacuum is pulled to collapse the encapsulating material around the 
specimen. Finally, the specimens are heated for 2 hours at 1000 to 1200 (C and 10.000-15.000 psi. 
M ost o f the HA coatings produced with this technique are contaminated with metal and SiO2 
particles, due to the use of the glass encapsulating tube (Lacefield 1988, Her0 1994).
1.5.7. Frit enamelling.
A metal bar is dipped into a hydroxylapatite slurry, dried and sintered at 1100-1200(C for a 
minimum of 3 hr in a protective argon atmosphere. Coatings created in this way show a very low 
interfacial shear strength (shear strength o f 0.22 MPa). Probably, the furnace atmosphere used for 
sintering is inadequate, which results in excessive substrate oxide layer thickness and poor 
bonding (Lacefield 1988).
1.5.8. Sputter deposition.
Sputtering is the process whereby, in a vacuum chamber, atoms or molecules o f a material are 
ejected by bombardment o f high energy ions. The dislodged particles deposit on a substrate, also
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placed into the vacuum chamber (figure 7). There are several sputter techniques e.g. diode 
sputtering, radiofrequent (RF) or direct current (DC) sputtering, ion-beam sputtering and reactive 
sputtering (Barthell 1989, Ong 1992). However, a drawback inherent to all these techniques, is 
that the deposition is very low and the process at itself is very slow. By using a magnetically 
enhanced variant of diode sputtering, these problems can be solved. This magnetron sputtering 
is a high rate vacuum coating technique for depositing a wide range o f materials (including 
metals, alloys, ceramics).
Radiofrequency magnetron sputtering was used as a method to deposit thin films of 
hydroxylapatite on titanium substrate, with a deposition rate of1.0-1.5 |im /hr and a film thickness 
o f 0.5 -10 |im. X-ray diffraction demonstrated that the sputtered layer was amorphous or 
crystalline with a preferred (00l) crystallographic orientation with the C-axis perpendicular to the 
substrate surface. Scanning electron microscopy showed that the deposited films had an uniform 
and dense structure. The Ca/P ratio varied between 1.5-2.6. The in  vitro dissolution appeared to 
be determined by the degree o f crystallinity o f the coating ( Cooley 1992, Jansen 1993, W olke 
1994)
Figure 7. Schematic representation of the magnetron sputter technique.
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1.5.9. Ion-assisted deposition.
In this approach, first thin HA films (a few hundred atomic layer thick) are deposited with RF 
magnetron sputtering on metals and polymers. Then an ion implantation technique with ions such 
as Ar, N, O etc, is used to form a crystalline film (Solnick-Legg 1989, Stevenson 1989)
1.5.10. Pulsed laser deposition.
A pulsed laser deposition (PLD) process can also be used for forming thin 0.05 - 5 |im  thick HA 
coatings on polished substrate. The PLD process involves ablation o f a HA target using a pulsed 
KrF excimer laser beam (^=248nm) in 0.3 Torr/H20 atmosphere and deposition o f ejected HA 
material on heated substrate (400 to 800°C). The deposition rate o f PLD is about 0.02-0.05 
nm/laser shot. The sputtered layer is amorphous or crystalline with a preferred (001) 
crystallographic orientation. The adhesion strength decreases for films produced with high 
substrate temperature and appears to be related to the existence o f an oxide at the interface 
between the film and the substrate (Cotell 1992-1993, Singh 1994)
1.5.11. Electrochemical deposition.
In electrochemical deposition an aqueous electrolyte containing Ca and P ions is decomposed. As 
a result, calcium and phosphate crystals nucleate on a titanium electrode at E=-1600 mV (Vs 
SCE). Subsequently, the obtained HA coating is heat treated in steam at 125 °C for 4hr and then 
calcined in vacuum at 425 °C for 6 hr to densify the film and to improve its bonding to the 
substrate. The thickness o f such HA coatings is approximately 80 microns and the deposition rate 
60 mu/hr. HA coatings obtained by the electrochemical method have a more uniform structure 
since the coating is formed gradually through a nucleation and growth process at a relatively low 
temperature. XRD indicates that the coating is mainly composed o f small crystals. The crystallite 
dimension (D002) is 100 nm (Shirkhanzadeh 1992, Ban 1994).
1.5.12. Biomimetic deposition.
Biomimetic deposition is a method whereby a biologically active bone-like apatite layer is formed 
on a substrate surface by immersion in a H ank’s Balanced Salt Solution or Simulated Body Fluid 
at 37°C for several days. Prior to the deposition process, the titanium specimens are grinded and 
polished with SiC paper, followed by ultrasonic cleaning and drying. The thickness o f this 
calcium phosphate coatings varies from 1-5 |im  and most o f the samples have an amorphous or 
amorphous-crystalline, with a preferred (001) crystallographic orientation (Hanawa 1992, Kokubo 
1993, Leitao 1995).
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1.6. Biological studies of calcium phosphate coatings.
Plasma-sprayed HA coatings for medical and dental implants were introduced by de Groot (1987) 
and Geesink (1987). Since then numerous reports have been published about the biological 
advantage of such coated implants. For example, HA coatings are described to induce more bone 
contact to the implant (Thomas 1989, Jansen 1991, Dhert 1992-1993), to improve the implant 
fixation (S0balle 1993), to facilitate the bridging o f small gaps between implant and surrounding 
bone (S0balle 1991, Stephenson 1991) and to increase the clinical performance o f orthopaedic hip 
systems (Geesink 1987-1995, D ’Antonio 1993, Epinette 1993).
In addition to HA also other plasma-sprayed Ca-P ceramics have been evaluated. For example 
Lugschneider (1988) was the first who reported that fluorapatite is more stable than 
hydroxylapatite at the high plasma temperature. Therefore he concluded that FA is more suitable 
for plasma spraying than HA. This was confirmed by Klein (1994) and Dhert (1992-1993). Klein 
investigated FA coatings in  vivo and in  vitro  and reported a higher stability as compared to HA 
coatings. Dhert inserted FA coated implants in the trabecular bone of goats. He reported more 
bone aposition and a higher stability o f FA coatings compared to HA coatings. Still, it has to be 
emphasized that these favorable results were obtained in non-loaded conditions. This does not 
represent the clinical circumstances. Recently, Clemens (1995) demonstrated that cyclic loading 
o f FA coated femoral stems results in delamination at the coating-substrate.
TCP coatings can be implanted in two different phases; a-whitlockite and P-whitlockite. a- 
whitlockite is the high temperature form o f P-whitlockite and this phase transition always occurs 
during plasma spraying o f TCP due to exposure to the high temperatures in the plasma spray 
process. Klein et al (1991) reported less bone contact and bone remodeling in dog femora o f TCP 
coatings as compared to HA and TCP coatings. The substitution o f Mg ions in the TCP lattice 
increases the stability (Driessens 1988). Rowles (1968) suggested that Mg ions must replace at 
least 5% of the cations in P-whitlockite. Recently, however, Dehrt (1993) and de Bruijn (1994) 
published that Mg-whitlockite coatings show no advantages compared to HA coatings due to its 
biodegradation characteristics.
Finally, also TCP coatings showed an excellent bone response, when implanted in dog femora 
(Klein 1991).
1.7. Concerns regarding coatings.
Besides the above mentioned benefits, concerns have been raised regarding the viable use and 
clinical efficiency of plasma spray coated implants. These concerns deals with: (1) thickness, (2) 
crystallinity, (3) biodegradation, (4) adhesion strength, (5) fatigue properties, and (6) third body 
wear o f the coating.
The thickness o f a Ca-P coating is always theoretically a compromise between the dissolution and
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mechanical properties o f the coating. The thickness o f plasma-sprayed coatings, as applied by 
different manufacturers, varies between 50 and 200 |im. In view o f this, it has to be noticed, that 
a coating thickness over 100 |im  can introduce fatigue under tensile loadings. Therefore, de Groot 
(1987) has proposed a 50-70 |im thick coating whereas Osborn (1987) recommends 200 |im. 
Further, an excessive thickness can favor coating delamination and fragmentation, which in time 
can result in implant mobilitity (Munting 1993). For example, S0balle (1993) reported that a thin 
coating o f 50 |im  gave a stronger fixation than a thick coating o f 200 |im.
The degree o f crystallinity influences also the dissolution and biological behavor o f plasma spray 
Ca-P coatings. Recent studies have shown that the more crystalline a Ca-P coating is, the lower 
its dissolution rate (LeGeros 1992, Klein 1994). Further, Clemens (1995) found that the 
combination o f stress and dissolution had a dramatic influence on the integrity o f the amorphous 
or glassy phase o f the HA coating. The amorphous phase in a Ca-P coating demonstrates a 
different fatigue behavor, while crystalline coatings did not show any changes.
The biodegradation o f Ca-P coatings is controlled by numerous factors which include crystal 
structure, micro porosity, crystallinity, chemical composition, Ca/P ratio, lattice defects, particle 
size and purity o f the starting powder (Klein 1983, de Groot 1985). During plasma spraying, the 
crystallinity o f the starting material changes due to the high temperature o f the plasma. This 
results in the formation o f an amorphous or glassy phase in the finally obtained coating (Koch 
1990, Radin 1992, W olke 1992, W hitehead 1993). In addition to physicochemical dissolution we 
have to emphasize, that degradation can also occur by cell-mediated processes (Frayssinet 1993, 
de Bruijn 1995).
The adhesion strength between HA coating and substrate varies from 5 to 65 M Pa depending on 
the used plasma-sprayed technique (Berndt 1989). Filiaggi (1991) reported that the strength of HA 
coating is dependent upon coating thickness. Coatings o f 50 |im  gave a higher adhesion strength 
than coating o f 240 |im.
Several studies already demonstrated that cyclic loading might lead to fatigue failure. Further, it 
has been shown that a combination o f aqueous environment with stress can result in delamination 
or accelerated dissolution o f the HA coating, which can influence the long-term stability o f the 
implants (Geesink 1988, Kummer 1992, Reis 1994, Clemens 1995).
The degradation o f plasma spray Ca-P coatings occurs by the rapid dissolution of the relatively 
soluble amorphous phase, followed by loosening o f crystalline particles. Some studies 
demonstrated the appearance o f loose crystalline Ca-P particles around the implant. This can 
cause a foreign body response (Bloebaum 1993). Furthermore, it is suggested that an 
inflammatory response will contribute to HA particles separation, which can cause third body 
wear and associate osteolysis (Bloebaum 1994, N akshima 1995). W hether this phenomenon 
indeed occurs frequently is difficult to confirm. For example, also Frayssinet (1995) found the
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presence o f calcium phosphate particles inside the bone tissue, but noticed no sign o f localized 
osteolysis.
1.8. Objective of the study.
Various studies have demonstrated that the biological response to plasma-sprayed HA coatings 
is very similar to dense Ca-P ceramic. Still, there exists a controversy with respect to the clinical 
usefulness o f such coatings. As mentioned in section 1.7., incidentally failures have been reported, 
which mainly have to do with the degradation and fatigue behavior o f these coatings. A 
combination o f aqueous environment with stress causes delamination or accelerated dissolution 
o f the Ca-P coating and this can influence the long-term stability o f the implants. Further, some 
other disadvantages have been shown, such as the lack o f initial adherence o f the coating to the 
substrate material, the thickness uniformity o f the deposited layer and the integrity o f the structure 
and composition o f the coating. Therefore, also other Ca-P ceramics, like FA, TCP and TTCP, 
and heat-treatment procedures have been investigated to improve the quality o f plasma-sprayed 
coatings. Unfortunately, all these modifications failed. FA and heat-treated HA coatings showed 
poor mechanical properties under cyclic coating. TCP and TTCP coatings dissolved very fast. On 
the other hand, in all three experiments, the favorable bone properties o f Ca-P coated implants 
were never a point o f discussion. In view o f this biological effect, the mandatory solution for the 
observed problems appears to be the development o f an alternative technique for the production 
o f Ca-P coatings.
The objective o f this thesis is to investigate the use o f radiofrequency (RF) magnetron sputter 
deposition as a method o f applying thin adherent calcium phosphate coatings to titanium implants. 
In these studies the physicochemical as well as biological properties o f various amorphous and 
crystalline deposited coatings were investigated. In order to obtain more insight in the properties 
o f the sputtered coatings, the following questions were addressed:
(1) W hat is the chemical composition and crystallinity state o f these coatings?
(2) Is the in  vitro dissolution influenced by the degree o f crystallinity?
(3) W hat is the effect o f cyclic loading on the stability o f sputtered Ca-P coatings in  vitro?
(4) Can scratch testing be used to characterize the adhesion strength o f these thin coating?
(5) How does the crystal structure and coating thickness effect the degradation and bioactivity 
o f these sputtered Ca-P ceramics?
(6) W hat is the effect o f Ca-P sputter coating on the cellular response, an in  vivo experiment 
under the periosteum of the goat?
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Introduction.
The first application o f calcium phosphate materials as bone substitute or bone graft may be 
traced to Albee (1920), who reported that a "triple calcium phosphate" compound, used in a bone 
defect promoted osteogenesis, i.e., new bone formation. Since then, numerous investigators have 
studied calcium phosphate implants for bone replacement.
Bioactive ceramics can be incorporated in living bone without the presence o f a fibrous tissue 
interlayer between the bone and the implant due to their similarity with the mineral phase o f the 
bone (de Groot 1990). The brittleness and poor strength o f bulk bioceramics require that clinical 
application is limited to those sites in the human body where no cyclic load-bearing forces are 
present.
Therefore, calcium phosphate coatings on metallic substrates have been developed (Cook 1988, 
de Groot 1987). These thin coatings (about 50 |im ) on metal substrates have been applied by 
various techniques such as hot pressing, plasma or flame spraying, sputter deposition, frit 
enameling, electrophoretic deposition, and sol-gel deposition (Berndt 1990). The plasma spray 
technique is now used widely for biomedical applications such as total jo in t replacements and 
dental root implantations. Animal experiments have shown that hydroxylapatite (HA) plasma- 
sprayed coatings are biocompatible when implanted in soft tissue or bone (Davis 1972, Klein 
1990a-b).
In the present study, the results o f a study on some physical aspects o f plasma-sprayed 
hydroxylapatite and fluorapatite (FA) coatings will be presented. The coatings were examined 
by measurements on X-ray diffraction, bonding strength, powder morphology, and solubility in 
various buffers. In addition, the results will be discussed in relation to previous in  vivo push-out 
studies, as well as in relation to the theoretical background o f the is push-out test.
Materials and Methods.
Starting Powders for the Plasma Spray Process.
Hydroxylapatite powder was obtained from M erck Inc. Fluorapatite was prepared by mixing 
93.05 g tricalcium phosphate with 7.80 g calcium fluoride; i.e., in stoichiometric proportions. 
The powders were granulated (1 to 2 mm) and sintered under an inert atmosphere. Thereafter, 
the granules were crushed, milled, and sieved. For HA  and FA, two particle size distributions 
were used in the plasma spray process: 1 to 45 |im  (designated as HA-45 and FA-45) with a 
mean particle size o f 24 and 25 |im , respectively, and 1 to 125 |im  (designated as HA- 125 and 
FA- 125), with a mean particle size o f 60 and 64 |im, respectively.
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Plasma Spray Parameters.
For the plasma spray process, a M etco M N system was used. The conditions for the plasma spray 
process are listed in Table 1.
Table 1: Plasma spray parameters.
Arc current 400 A
Arc voltage 62 V
Arc gas Nitrogen (44.8 l/min)
Powder gas Nitrogen (5.1 l/min)
Gun speed 10 cm/sec
Powder transport 10 to 15 g/min
Cooling Air
Substrate distance 8 cm
Substrates.
Cylindrical rods o f Ti-6Al-4V (referred to as Ti) alloy were manufactured. All plugs measured 
7.0 mm in length. The diameter o f the plugs that were plasma-sprayed with HA was 5.0 mm, and 
the diameter o f the plugs that remained uncoated (Ti) was 5.1 mm. All plugs were grit blasted, 
cleaned ultrasonically, and dried at 100°C. The 5.0 mm plugs were plasma-sprayed with HA until 
a coating thickness o f 50 |im  was reached. Then all plugs were again cleaned ultrasonically in 
100% ethanol to remove any loose particles and then dried at 50°C.
Stainless steel plates were used (50 x 20 x 2 mm) for X-ray diffraction and solubility tests. The 
same grit blasting, cleaning, and drying procedures were used as for the HA plug specimens. 
Several plates were heat-treated for 1 hr at 600°C in an inert furnace after plasma spraying.
Surface characterization.
The substrate surfaces were characterized by means o f roughness measurements with a 
Taylor-Hobson profilometer.
Tensile Bond Strength.
Tensile strength was determined on the coated Ti-6Al-4V rods, which were glued together with 
various epoxy glues (Araldit AV 118, heated for 12 hr at 120°C; or 3M 2214 heated for 1 hr at 
120°C) or cold curing methacrylate glues (Concise or Lee cured for 15 min at 25°C). This test 
was similar to the ASTM  C633-69 test, and the major difference was the change in diameter of
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the plug. Experiments were performed using a Hounsfield mechanical testing machine with a 
cross head speed o f 5 mm/min. The thickness o f the coatings and surface texture (polished versus 
unpolished) were varied.
X-Ray Diffraction.
X-ray diffraction patterns were measured on the plates using the following equipment and 
operational parameters: Philips automatic vertical X-ray powder diffractometer PW  1050, 
measuring system PW  1710, CuK a radiation (3 kW HV generator PW  1130/90, 45 kV/33 mA;
0.018-mm nickel CuKp filter), divergence slit 1°, receiving slit width 0.1 mm, xenon sealed 
proportional detector, and pulse height selection.
Solubility Test.
Solubility experiments were performed on the plates using Michaelis and Gomori's buffer 
solutions at pH 7.2 and a temperature o f 37°C. Details on the preparation o f these solutions are 
provided in R ef 7. The follow-up period was 3 months. The calcium and phosphate 
concentrations in the solutions were measured using spectrometry (Varian AAS 200) and 
spectrophotometry (Vitatron).
In vivo experiments.
Healthy dogs were used for the experiments. The implants were inserted into the femoral 
bone. The implants were left in  situ  for 3, 5, 15, and 27 months.
Results. 
Roughness values.
The roughness values measured for the coated and blasted surfaces are presented in Table 2. 
The roughness values are similar for the various coated surfaces.
Table 2: Surface roughnesses of substrate and coating.
Surface Roughness, ^m
Ti-6Al-4V (grit blasted) 4.5 - 5.0
HA-45 (coating) 6.8 - 7.3
HA-125 (coating) 7.8 - 9.0
FA-45 (coating) 6.5 - 7.1
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Tensile bond strength.
Tensile strengths were measured only for the HA-coated specimens using the various adhesives 
and Araldit AV 118 as a function o f coating thickness or surface texture. The tensile strengths 
o f a typical HA coating are presented in Table 3. The coating thickness varied from 45 ± 5 |im. 
The epoxy-based glues result in much higher strength values than cold curing (dental) cements. 
In addition, the failure mode for the epoxy glues differs from those found in the dental cements, 
where the locus o f failure changes from the substrate/coating interface to the glue line of the 
specimen assembly. The Araldit AV 118 epoxy was chosen for further tests, because it exhibited 
the greatest adhesion strength. The FA coatings tested for adhesion by this method exhibited 
similar tensile strength as the HA coatings.
Table 3: Tensile strength and failure mode of Ha coatings using various adhesives.
Adhesive Strength
Mpa
Failure
mode
No. 
of tests
Araldit AV 118 60.8 100% glue/HA 5
3M 2241 38.3 100% glue/HA 5
Lee Insta-bond 5.4 100% HA/Ti 3
Concise 11.7 100% HA/Ti 3
For various coating thicknesses, the tensile strengths glued with Araldit AV 118 are presented 
in Table 4. Tensile strength measurements on the polished and unpolished HA-coated surfaces 
glued with Araldit AV 118 are presented in Table 5.
Table 4: Tensile strength and failure mode of HA coating versus thickness.
Thickness Strength Failure No.
^m Mpa mode of tests
40 66.8 100% glue/HA 5
80 60.7 100% glue/HA 5
120 45.3 100% HA/Ti 2
100% glue/HA 1
Table 5 Tensile strength and failure mode of polished and unpolished HA-coated 
surfaces.
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Surface Strength Failure No.
Mpa mode of tests
HA 60.8 100% glue/HA 5
HA polished 53.0 55% glue/HA 5
X-ray diffraction.
Figure 1 shows the X-ray diffraction pattern o f sintered HA feedstock powder. Minimal line 
broadening can be seen, which indicates a well-crystallized material. Figure 2 shows the XRD 
pattern o f HA-125 sprayed with nitrogen as the plasma gas. It can be seen that plasma spraying 
does not significantly alter the crystallographic structure, and a little line broadening is visible. 
Figure 3 shows the XRD patterns o f a plasma-sprayed HA-45 coating; the structure o f the coating 
consists almost entirely o f amorphous phases. The authors believe this is caused by complete 
melting o f the small particles, which results in an amorphous coating. However, as shown in 
figure 4, a FA coating sprayed with the same particle size distribution produces a crystalline 
coating comparable with the 1 to 125 |im  HA coating (figure 2). Thus, plasma spraying o f this 
material decreases the degree o f crystallinity. The ratio o f the intensity o f the peaks is changed 
due to the orientation of the crystals during the cooling process (the peak at 25.7° 2 0  is 
increased).
Figure 5 shows the XRD pattern o f HA-45 after heat treatment for 1 hr at 600°C in an inert 
environment that prevents oxidation o f the metal. This heat treatment increases the crystallinity, 
and the amorphous phase is removed, as observed by comparison with figure 3. Figure 6 shows 
the XRD pattern o f an as-received HA-125 plasma-sprayed coating after an in  vitro solubility test 
for 3 months in Michaelis buffer. An increase in crystallinity can be observed, and after this 
incubation time, no amorphous phase is present.
Dissolution assay.
Figures 7 and 8 show the phosphate and calcium concentration in Gomori's and M ichaelis 
buffers. Calcium and phosphate concentrations due to dissolution o f the coatings decreased in 
the order HA-45 > HA-125 > FA-45 > FA-125. Figure 9 shows the dissolution behavior o f 
amorphous HA coating for 3 months in Gomori's buffer at 37°C. The solubility decreases by a 
factor o f 2 for aheat-treated coating. The decrease is not as great as when the coating is o f mixed 
amorphous/crystalline nature (figure 10). In general, it is a good alternative to decrease the 
solubility behavior o f a coating.
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Figure 1. X-ray diffraction pattern of sintered HA feedstock powder.
2-THETA (DEGREES)
Figure 2. X-ray diffraction pattern of HA-125 coating. The plasma gas is nitrogen.
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Figure 3. X-ray diffraction pattern of HA-45 coating. The plasma gas is nitrogen.
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Figure 4. X-ray diffraction pattern of FA-45 coating. The plasma gas is nitrogen.
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Figure 5. X-ray diffraction pattern of HA-45 coated plate heat-treated for 1 h at 600°C.
Figure 6. X-ray diffraction pattern of HA- 125 coated plate after incubation for 3 months in Michaelis 
buffer with pH 7.2 at 37 0C.
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Figure 7. Calcium (a) and phosphate (b) release of bioceramic coating in Gomori buffer with pH 7.2 at
37°C.
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Figure 8. Calcium (a) and phosphate (b) release of bioceramic coating in Michaelis buffer with pH 7.2 
at 37°C.
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9. Calcium ion release of amorphous and heattreated HA coatings in Gomori's buffer (pH 7.2 at
37°C).
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Figure 10. Calcium ion release of amorphous/crystalline and heat-treated amorphous/crystalline HA 
coatings in Gomori's buffer (pH 7.2 at 37°C).
In vivo experiment.
Figure 11 shows that the titanium plugs implanted in the femur o f a dog have a lower push-out 
strength than a HA-coated implant. Hydroxylapatite exhibits a higher bonding strength in the first 
months.
Figure 12 shows a back-scattered electron image o f a HA coating after 5 months implantation 
in the femur o f a dog, with special attention to the fracture site from a push-out test. The bone 
apposition is good, and fracture is located at the titanium/HA interface. Thus, the bone/coating 
interface is stronger than the coating titanium interface.
Figure 13 shows the section o f a HA coating implant at 27 months and illustrates good bone 
apposition, although the coating has completely resorbed. Figure 14 shows a titanium implant 
after 27 months implantation, where a fibrous tissue interlayer is formed and there is no bone 
apposition against the implant.
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Figure 11. Push-out strength of grit-blasted titanium and HA coated plugs implanted in the femur of a 
dog.
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Figure 12. Back-scattered electron image of a HA coating after 5 months implantation. (I = implant, C = 
coating, B = bone).
Figure 13. Back-scattered electron image of a HA coating implant after 27 months implantation. (I = 
implant, B = bone).
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Figure 14. Back-scattered electron image of a titanium implant after 27 months implantation. (I = 
implant, B = bone).
Discussion.
The surface roughness o f the coatings did not depend on the chemical composition o f the coating 
powder, but only on their particle distribution (other parameters being similar). Tensile strength 
measurements indicated that various adhesives exhibited different tensile strengths and failure 
modes for the coating. An important phenomenon is that the dental adhesives are able to pull off 
the coating from the titanium, although they have a very low tensile strength. Although the epoxy 
adhesives have very high tensile strengths, no coating is removed from the metal. An explanation 
for the results o f the dental adhesives could be that the low viscous liquid in the dental adhesive 
penetrates quickly through the coating layer and alters the thermal spray coating while setting. 
The epoxy adhesives, on the other hand, show failure at the interface between the adhesive and 
coating.
These experiments show that different adhesives exhibit different failure modes and tensile 
strengths. Thus, to compare data from different laboratories, it is necessary to take into account 
the experimental techniques.
The thickness o f the coating influenced the failure modes, probably because alignment o f the 
specimen assembly in the tensometer plays a more important role with thicker coatings. This is
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in agreement with the literature, where it is shown that glassy films have a strength that is 
inversionally related to thickness, i.e., thin films are stronger than thicker ones (for thicknesses 
<200 |im) (Hardwick 1987). Polishing the coated surface produced a reduction in tensile 
strength, and failure occurred more in the metal/ceramic interface.
X-ray diffraction shows that, depending on the nature o f the plasma flame, a crystalline phase 
can be obtained. It can be noted that a very hot flame produces an amorphous coating with the 
formation o f calcium oxide. After incubation in  vivo or in  vitro, the amorphous phase was either 
resorbed through physicochemical dissolution or changed via a phase transition from an 
amorphous to a crystalline structure.
A HA coating sprayed with a particle distribution o f 1 to 45 |im produces an entirely amorphous 
phase, and this coating dissolves faster. Heat treatment after plasma spraying increases 
crystallinity and decreases solubility o f the coating. The thermal stability o f fluorapatite at 
elevated temperatures is superior to that o f hydroxylapatite, and therefore, a FA coating has a 
higher degree o f crystallinity compared to a HA coating (Lugscheider 1988).
The solubility tests show clearly that in  vitro  FA is less soluble than HA. It must be emphasized 
that in  vitro  solubilities are generally not predictive for in  vivo  behavior, as shown by Ramselaar 
et al. (1989), animal studies by Klein et al. (1990b) and Dhert et al. (1991). However, at least for 
FA and HA, the in  vitro  findings closely parallel the in  vivo results examined in the present work. 
The animal studies showed some dissolution o f the HA coating; however, push-out studies show 
that the bone fixation to coated surfaces stays high and is superior to uncoated surfaces (Geesink 
1987, Klein 1991).
Summary.
Apatite coatings o f hydroxylapatite and fluorapatite are characterized in terms o f crystallographic 
structure, bonding strength, thickness, and in  vitro  and in  vivo  degradation behavior. Although 
HA coatings degrade gradually, FA coatings are more stable after incubation in physiological 
fluid.
Push-out studies, however, showed that the high strengths o f the HA coating did not change after 
gradual dissolution o f the coating. Furthermore, because uncoated (and unloaded) titanium 
implants become bonded to bone after about 1 year, the conclusion is that apatite coatings are 
most important during the healing phase.
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Introduction.
In recent decades numerous materials have been used for the construction o f medical and dental 
implants. O f these materials, commercially pure (CP) titanium and hydroxylapatite ceramic (HA) 
have been proven to be the most suitable. The use o f titanium for bone implants is based on the 
combination o f mechanical properties and corrosion resistance (Williams 1981). HA is preferred 
by its ability to form a direct bond with living bone. Unfortunately, a drawback inherent to cer­
amics (HA) is their brittleness and poor strength, limiting their use as implants in loaded 
situations. To eliminate this problem, it has been proposed to use thin coatings o f HA on metallic 
substrates (de Groot 1981). However, at the moment the effects o f the HA coating on the tissue 
interactions at the bone-implant interface are not completely clear. Several studies demonstrated 
that HA coatings can hasten the initial biological response to the implanted devices and can form 
a good biological base for bone ongrowth (Cook 1987-1988, Geesink 1987, de Lange and Donath 
1989). On the other hand, it has been shown that HA coatings are resorbed over time, which can 
influence the long-term stability o f the implants (de Groot 1989, Jansen 1991).
To apply HA coatings on implant surfaces, various coating techniques are used, such as: (1) dip 
coating-sintering, (2) electrophoretic deposition, (3)immersion-coating, (4) hot isostatic 
pressing(HIP), (5) ion-beam sputter coating and (6) plasma-spraying.
W ith these methods, coatings can be deposited with thicknesses between a few micrometres and 
a few millimetres. Although all methods suffer from some disadvantages, such as the adherence 
o f the coating to the substrate material and the integrity o f the structure o f the coating, it can be 
concluded from various publications that plasma-spraying and sputter-coating are the mostly 
used methods for producing HA films on implants (Lacefield 1988, Solnick-Legg and Legg 1989, 
W olke 1992, Koeneman 1990). At the moment, most laboratory investigations are directed at the 
further development o f the plasma-spray procedure, while sputter-deposition can produce more 
dense and adherent coatings. This could be important for the biodegradation process o f the HA 
coatings. Therefore, investigations have to be performed on the application o f sputter-coating for 
the preparation o f ceramic coatings on implants.
Sputtering is the process whereby, in a vacuum chamber, atoms or molecules o f a material are 
ejected from a target by the bombardment o f high energy ions. The dislodged particles deposit 
on a substrate, also placed into the vacuum chamber. There are several sputter techniques, such 
as diode sputtering, radio frequent (RF) or direct current (DC) sputtering, ion-beam sputtering 
and reactive sputtering. All these techniques are variants o f the same above-mentioned physical 
phenomenon. However, a drawback inherent to all these techniques is that the deposition rate is 
very low and the process itself is very slow. A magnetically enhanced variant o f diode sputtering 
can solve these problems. This is called magnetron sputtering.
Magnetron sputtering is a high-rate vacuum-coating technique for depositing a wide range o f ma­
terials, including metals, alloys and ceramics (Swann 1988, Hill 1986). The primary advantages 
o f magnetron sputtering are: (1) high deposition rates, (2) ease o f sputtering o f most materials,
(3) high-purity films, (4) extremely high adhesion o f films, (5) excellent coverage o f difficult
Magnetron sputtering for producing ceramic coatings 47
surface geometrics, (6) ability to coat heat-sensitive substrates, (7) ease o f automation and (8) 
excellent uniform layers.
The objective o f this preliminary study was to investigate the possible application o f magnetron 
sputtering for the production o f ceramic films on metal and plastic substrates.
Material and methods 
Substrates
The substrates used for sputter-coating were:
1) cylindrically shaped TiAI6V4 implants (IMZ implants, Germany; Corevent implants, 
USA; Dyna implants, the Netherlands). The implants had a diameter o f 3-3.3 mm and a 
length o f 8-13 mm. The implants were bead-blasted before sputter-coating.
2) 13-mm round polycarbonate tissue culture coverslips (Thermanox®, Nunc, Denmark). 
The coverslips were untreated before coating.
3) rectangular (3 x 4 cm) polished commercially pure titanium samples.
4) rectangular (3 x 4 cm) polished stainless steel samples.
Magnetron sputter process
RF magnetron sputter-coating was performed using a commercially available sputter unit (Ed­
wards ESM  100). Copper discs, plasma-sprayed coated with HA, were used as target material. 
The apatite powder (Ca/P ratio 1.67) used for the coating o f the targets was obtained 
commercially from M erck and had a particle size between 1 and 125 |im. The chemical 
composition and purity o f the target-coating was confirmed by X-ray diffraction (XRD).
The implants and test specimens were mounted on a rotating substrate holder. Before sputtering 
the metal substrates were cleaned by etching with argon ions. The plastic tissue coverslips were 
used as received. Process pressure was 5 x 10-3 mbar using argon gas (Hoek Loos®). The 
deposition rate o f the ceramic on the substrate was 10-15 nm/min o f sputtering (power level 800 
W). The film thickness and rate o f deposition was determined using an Edwards FTM  5 quartz 
crystal film thickness monitor. Coating thicknesses o f 0.02-6.5 |im  were produced.
Characterization of the sputter coating
The deposited film was characterized using the following techniques:
1) scanning electron microscopy (SEM): the appearance and the integrity o f the coating was 
examined with a Philips SEM-525 scanning electron microscope.
2) energy dispersive spectrometry (EDS): a scanning electron microscope (Philips SEM- 
525) equipped with a energy disperse x-ray detector (Tracor, USA) was used to obtain 
information about the elemental composition o f the surface o f the coated specimens.
3) XRD: for x-ray diffraction a Philips automatic vertical x-ray powder diffractometer PW
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1050 was used, with a measuring system PW  1710, CuK a radiation (3 kW HV generator, 
PW  1130/90, 45 kV/33 Ma: 0.018 mm nickel CuKp filter), divergence slit 1°, receiving 
slit width 0.1 mm, xenon-sealed proportional detector and pulse height selection.
4) atomic absorption spectrometry and colorimetry: the Ca and P concentrations o f the 
sputtered ceramic coatings were determined by atomic absorption spectrometry (Varian 
AAS 300, Australia) and colorimetry (Vitalab 21, the Netherlands).
5) tensile bond strength test: the tensile strength o f the sputtered coating was determined by 
gluing TiAl6V4 rods with epoxy glue (Araldite AV 118, cured for 12 h at 120°C) on the 
rectangular titanium and stainless steel specimens. After curing, bond strength tests were 
performed, using a Hounsfield mechanical testing machine with a cross-head speed of 
5 mm/min. To locate the bond failure, the failed samples were investigated by incident 
light microscopy.
Biocompatibility assays
The biocompatibility o f the coating was determined by in  vitro  and in  vivo  experiments.
For the in  vitro  experiments, rat palatal epithelial (RPE) cells (Jansen 1989) were cultured during 
3, 5, and 7 days on untreated and sputter-coated tissue coverslips and titanium substrates to 
evaluate cell-substrate interactions. At the end o f the various incubation times, the nonattached 
cells were removed by phosphate buffer rinses. Subsequently, the specimens were prepared either 
for scanning electron microcopy (SEM) or transmission electron microscopy (TEM) 
investigation. Because o f sectioning difficulties in the TEM study, only tissue coverslips were 
used. For the TEM examination the attached cells were fixed in  situ  on the coverslips with 2.5% 
glutaraldehyde/tannic acid/paraformaldehyde solution in phosphate-buffered saline (PBS) for 30 
min at room temperature. Following fixation the specimens were post-fixed in PBS-buffered 
OsO4 fixative, rinsed and then dehydrated through a graded series o f alcohol. Finally, the samples 
with the attached cells in  situ  were embedded in Spurr resin. After polymerization, ultra-thin 
sections, containing the coverslips as well as the cells attached to them, were cut on a Reichert 
ultra-microtome with a diamond knife and stained with uranyl acetate and lead citrate. The 
sections were investigated with a Philips 200 transmission electron microscope. For the SEM 
specimens, the attached cells were fixed with 70% alcohol. After fixation, the specimens were 
dehydrated through a graded series o f alcohol, rinsed for 5 min with tetramethylsilan and then 
dried in air. Finally, the samples were sputter-coated with gold and investigated with the scanning 
electron microscope.
For the in  vivo  experiments, sputter-coated titanium implants were inserted into the tibial 
diaphyseal bone o f adult New Zealand W hite rabbits. Before insertion the implants were 
sterilized in an autoclave. The implants were inserted under aseptic conditions. The implantation 
procedure was already described in an earlier publication (Jansen 1991). Three months after 
implantation the animals were killed, after which directly the tibia with the implants were 
removed. Following fixation o f the tibiae in a 10% buffered formalin solution, the samples were
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prepared for SEM. First, the fixed specimens were hemisectioned using a diamond blade. Then 
the hemisectioned samples were dehydrated and dried as described above for the in  vitro 
specimens. Finally, the specimens were sputter-coated with gold and examined with the SEM 
equipped with an EDS.
RESULTS 
Characterization of the coating
SEM examination o f the sputtered coating on the various materials showed an excellent coverage 
o f the substrate surfaces. A SEM micrograph o f cross-section o f a sputter-coated film on titanium 
substrate is shown in figure 1. The coating has a uniform thickness and a columnar structure 
without any porosity in the interface.
EDS analysis demonstrated that the sputtered coatings contained mainly calcium (Ca) and phos­
phorous (P). A representative EDS scan o f a sputter-coating on a Corevent titanium-alloy implant 
is shown in figure 2a. Calcium (Ca), phosphorous (P), titanium (Ti) and aluminium (Al) were 
detected. The detected titanium and aluminium come from the titanium-alloy implant. Semiquan­
titative analysis o f the X-ray for the relative amount o f calcium and phosphorus revealed that the 
Ca/P ratio o f the sputtered coating was 1.93.
Figure 1. Scanning electron micrograph of a sputtered ceramic coating, original magnification x 1150.
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Figure 2. Energy dispersive spectrum of a sputtered ceramic coating.
Figure 3 shows the X-ray diffraction pattern o f a sputtered coating on stainless steel. This X-ray 
pattern indicated that the sputtered coating was a well-crystallized calcium phosphate ceramic. 
Although it was impossible to match the Ca/P structure w ith one o f the diffraction data o f the 
Joint Committee on Powder Diffraction Standards (JCPDS), further investigations revealed that 
the X-ray diffractogram was very similar to the X-ray diffractogram of intact tooth enamel (figure
4) (Schaeken 1992).
The tensile strength measurements demonstrated that it was impossible to measure the real bond 
strength o f the sputtered coating to the underlying substrates. The bond failure occurred in all 
investigated specimens at > 53 M Pa in the glued interface.
The measurements of the amount o f calcium and phosphate by atomic absorption spectrometry 
and colorimetry demonstrated that the calcium concentration o f the sputtered coating was 1190 
ppm and the phosphate concentration 368 ppm. This results in a Ca/P ratio o f 2.5.
Biocompatibility assays 
In vitro experiments.
SEM examination o f the RPE-cell cultures demonstrated that there were no 
differences in cellular behavior between untreated and sputter-coated substrates. For all 
incubation periods, the cells spread and grew equally well on all the test surfaces (figure 5a-b). 
The TEM investigation showed that the RPE cells, cultured on the sputter-coated substrates, had
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Figure 3. X-ray diffraction pattern of a sputtered ceramic coating.
Figure 4. X-ray diffraction pattern of intact tooth enamel.
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Figure 5a. Scanning electron micrograph of epithelialal cells cultured for 4 days on: Thermanox®. Original
magnification x 549
5 0 ja m 1 5.0 k: U
Figure 5b. Scanning electron micrograph of epithelialal cells cultured for 4 days on: Sputtered ceramic 
coating. Original magnification x 549
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a normal appearance. Cells contained mitochondria, tonofilaments and a nucleus. Desmosomes 
were present between layers o f cells. Figure 6 shows RPE-cells cultured on sputter-coated 
Thermanox®. Hemidesmosomal attachment structures (HD) were detectable in the plasma 
membranes o f the cultured cells. The HD were characterized by an electron-dense attachment 
plaque inside the cytoplasm and an electron-dense layer in the extracellular space between the 
plasma membrane and the substrate surface. These HD were found after 5 days o f culturing. The 
sputtered ceramic film is visible as a dense, dark line o f about 20 nm.
In vivo experiments.
SEM study o f the tibia implants showed, at the cortical level, a close adaptation o f bone to the 
implant surface (figure 7). The sputter-deposited implants also demonstrated bone formation in 
the medullary cavity at the endosteal tibial surface. EDS analysis o f the medullar part o f the 
implants revealed that a calcium- and phosphorus-containing layer was still present on the 
implant surface. However, semiquantitative measurement demonstrates that the Ca/P ratio o f this 
layer had decreased to 1.37.
Figure 6. Transmission electron micrograph of epithelial cells cultured on a sputter deposited ceramic film
for 5 days. Hemidesmosomes (arrows) are observed in the plasma membrane. Original 
magnification x 30.000.
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Figure 7. Scanning electron micrograph showing the tight contact between cortical bone and a sputter-
coated IMZ implant, 3 months after insertion. Note the ingrowth of bone into the hollow vents 
present in the lower part of the implant and into the medullary cavity. Original magnification x 
127.
Discussion and Conclusion.
The aim o f this study was to investigate the application o f magnetron sputtering for the 
production o f ceramic films on implant surfaces using RF magnetron sputter equipment. The 
results demonstrated that it is possible to form a dense, adherent ceramic coating on metal and 
plastic substrates. The X-ray diffraction pattern for the obtained coating appeared to be similar 
to the X-ray diffraction pattern o f the apatite crystals in intact tooth enamel. It has already been 
reported (Hirota 1982, Schaeken 1992) that there is a preferential orientation ofthe so-called rods 
in intact enamel as well as a preferential orientation o f the apatite microcrystals in a rod. This 
results in a large difference between the peak height ratio in the X-ray diffractogram for intact 
enamel and the peak height ratio in the X-ray diffractogram for the same enamel after it has been 
powdered. As the deposited sputter coatings had a columnar structure, very similar to the 
structure o f tooth enamel, it can be supposed that this preferential orientation phenomenon also 
occurred in these coatings. The observation that, despite this apatite diffraction pattern, the Ca/P 
was not 1.67, but higher, is in agreement with the observation o f Ong (1991). Using an ion-beam 
process to deposit calcium phosphate coatings on titanium substrates Ong found a Ca/P ratio for 
their coatings o f 2.29. Based on X-ray photoelectron spectroscopy analysis, they speculated that
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nonstochiometric or preferential removal o f elements from the target material resulted in several 
zones in the deposited layer with different compositions. Only after achievement o f an 
equilibrium situation will a so-called bulk zone be deposited with the same chemistry as the 
target material. Therefore, to produce sputtered coatings with all the characteristics o f HA, it is 
necessary that the chemical and physical arrangement of the coating be restored after or during 
the sputter deposition. Several techniques can be used for this conformational improvement of 
the coating, such as ion-assisted processes (Solnick-Legg and Legg 1989), annealing under steam 
flow (Aoki 1991), annealing at 600°C (Klein 1991) and deposition with bias voltage or higher 
substrate temperatures. Nevertheless, the application o f high temperatures in the sputter process 
makes the use o f plastic substrates impossible. Further, it has to be noted that the advantage of 
the used RF magnetron sputter process is the high deposition rate. For example, compared with 
the above-mentioned study o f Ong (1991), our deposition rate was almost 4 times higher (0.15 
|im  vs 0.54 |im  per hour).
The biocompatibility experiments demonstrated that calcium phosphates with other Ca/P ratios 
than between 1.50 and 1.67 (HA) can also be biocompatible. This observation corroborates with 
the findings o f Koster (1976, 1977a-b), Karbe (1975), Hubbard (1974) and Donath (1990). 
K oster implanted dicalcium phosphate (Ca/P = 1) in dog tibia and found that new bone was 
formed directly on the implant surface. Hubbard implanted calcium phosphate (Ca/P= 1) and 
calcium phosphate (Ca/P = 1.5) in rabbit bone and found that these materials were 
biocompatible. Donath implanted calcium phosphates, with Ca/P ratios between 1 and 2, into 
hard and soft tissue. In soft tissue, he observed that the implants were surrounded by a fibrous 
capsule and that macrophages were present in the interface. In hard tissue bone grew onto all the 
investigated materials. However, the quality o f the bone reaction improved with a rising Ca/P 
ratio.
Our in  vivo experiments, in which the sputter coated implants were investigated by EDS after 
insertion into rabbit tibia, showed that the Ca/P ratio o f the coating decreases after 3 months of 
implantation. This phenomenon can be caused by a gradual change in composition of the surface 
o f the sputtered film, such as by dissolution, precipitation or ion-exchange reactions. Examples 
o f such a transformation o f calcium phosphate compounds have already been reported by other 
investigators (de Groot 1981, Aoki 1991, Ducheyne 1991, Radin and Ducheyne 1991).
In summary, based on the results o f this preliminary study, it can be concluded that magnetron 
sputtering is a promising method for forming a biocompatible ceramic coating onto a metal or 
plastic substrate. The advantages o f magnetron sputter-coating over other sputtering processes 
include the high deposition rate, the excellent adhesiveness and the ability to coat implants with 
difficult surface geometries (Swann 1988, Hill 1986). Still, several issues have to be solved 
before magnetron sputtering can be applied to produce on a routine basis crystalline pure Ca-P 
ceramic coatings on implant surfaces. These questions, such as the endurance and the Ca/P ratio 
o f the coating, require further in  vitro  and in  vivo  studies.
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Chapter 4
A study to the surface characteristics of magnetron 
sputter calcium phosphate coatings.
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Introduction.
Calcium phosphate (Ca-P) materials are widly used as bone substitute or bone graft in dentistry, 
orthopaedic- and reconstructive surgery due to their bone bonding capacities (Jarcho 1981, de 
Groot 1983). However, due to their brittle nature, the use o f bulk Ca-P ceramics is limited to 
unloaded situations. To solve this problem, it has been proposed to apply Ca-P bioceramics as 
thin coatings on metallic substrates, resulting in implants that have the excellent biocompatible 
properties o f calciumphosphate as well as the advantageous mechanical properties o f metal (de 
Groot 1981, Geesink 1987). At the moment, various techniques are available for the deposition 
o f calciumphosphate on metal implants, e.g. hot pressing, plasma or flame spraying, ion-beam 
sputter deposition, frit enamelling, electrophoretic deposition, and sol-gel deposition (Berndt 
1990, W olke 1992).
Although animal experiments demonstrated that the biological response to such coated implants 
is very similar to dense Ca-P ceramic, it has also been shown that all o f the applied coating 
method suffer from some disadvantages, such as the lack o f adherence of the coating to the 
substrate material, the thickness uniformity o f the deposited layer and the integrity o f the 
structure and composition o f the coating (Lacefield 1988). Finally, these deficiencies may hamper 
the optimal long-term clinical application o f coated implants (de Groot 1989, Klein 1991, Jansen 
1990-1991). Therefore, in our laboratories we have been investigating radiofrequency (RF) 
magnetron sputtering as alternative technique for the production o f ceramic coatings on implants. 
Recently, we already reported about RF sputtering as a promising method for forming a 
biocompatible ceramic coating on a metal substrate (Jansen 1993). On basis of these preliminary 
results we concluded that the advantages o f RF sputter-coating over other processes include: (1) 
excellent adhesion, (2) thickness uniformity, and (3) ability to coat implants with difficult surface 
geometries.
The objective o f the present study was to characterize in more detail the physicochemical and 
dissolution properties o f coatings obtained by RF sputtering.
Materials.
Magnetron sputter process
RF magnetron sputter-coating was performed using a commercially available sputter unit 
(Edwards High Vacuum ESM 100 system). The target material consisted o f 110-mm-diameter 
copper discs, plasma spray coated with a 1-mm-thick hydroxylapatite layer. For the coating of 
the target commercially available hydroxylapatite powder (Metco®) was used. The particle size 
distribution o f the powder was between 22 and 45 |im. The chemical composition and purity of
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the target-coating was confirmed by X-ray diffraction (XRD) analysis.
The test specimens were mounted on a rotating and water-cooled substrate holder. The target-to- 
substrate distance was 80 mm. Before sputtering the metal substrates were cleaned by etching 
for 5 min with argon ions.
A liquid-nitrogen cold trap was used for all sputtering runs and a base pressure o f <10-5 mbar was 
obtained before the sputter process was started. Process pressure was 5 x 10-3 mbar using argon 
gas (Hoek Loos®). The deposition rate o f the ceramic on the substrate was 200-250 nm/min of 
sputtering (power level 700 W). The film thickness and rate o f deposition was determined using 
an Edwards FTM  5 quartz crystal film thickness monitor.
Experimental coatings
For the experiments Ti-6Al-4V plates (50x20x1 mm) were used. All plates were cleaned 
ultrasonically in 100% iso-propanol and dried at 100°C before coating.
The following ceramic coatings were produced:
1. Thickness 0.5 |im, Ti-6Al-4V substrate, P=700 W, Time=20 min, stationary substrate 
holder.
2. Thickness 2.5 |im, Ti-6Al-4V substrate, P=700 W, Time=120 min, stationary substrate 
holder.
3a. Thickness 8-10 |im, Ti-6Al-4V substrate, P=700 W, Time=6 h, stationary substrate 
holder.
3b. The same as 3a, but time=18 h, and rotated substrate holder.
3c. The same as 3b, but heat-treated for 30 min. at 650°C after coating deposition.
Methods. 
Physico/chemical analysis of the surface coatings.
The following analytical methods were used to characterize the deposited films.
X-ray diffraction (XRD)
Two different diffractometers were used to determine the crystal structure o f the sputtered 
ceramic coatings: a Philips automatic vertical X-ray powder diffractometer PW  1050, measuring 
system PW  1710, CuK a  radiation( 3 kW HV generator PW  1130/90, 45 kV/33 mA; 0.018 mm 
nickel CuK B filter), divergence slit 1 °, receiving slit width 0,1 mm, xenon sealed proportional- 
detector and pulse height selection; and a Philips horizontal X-ray diffractometer PW 1380,
rebuilt for thin-film, measuring system PW 1375, CuK a  radiation (1.65 kW HV generator PW 
1011, 45 kV/33 mA), divergence slit 0.25°, LiF monochromator, xenon sealed proportional- 
detector.
Infrared absorption spectroscopy (IR)
A Perkin-Elm er infrared spectrophotometer type 850 was used for qualitative analysis o f the 
molecular structure o f the coatings.
Scanning electron microscopy (SEM)
The appearance and the uniformity o f the coating was examined with a Philips SEM-525 
scanning electron microscope. For this purpose, coated specimens were embedded in epoxy resin. 
After curing, grinding and polishing the surface o f cross-sectioned specimens was carbon coated 
and examined with SEM.
Energy dispersive spectroscopy (EDS)
A scanning electron microscope (Philips SEM-525) equipped with a energy disperse x-ray 
detector (Tracor) was used to obtain information about the elemental composition o f the coated 
specimens.
Ca and P concentration were measured by using calibration o f known Ca-P content. 
Dissolution assay.
Dissolution experiments were performed with titanium alloy substrates provided with a 10-^m- 
thick coating. The specimens were incubated in Gomori's solution at pH 7.2 and a temperature 
o f 37°C.
During 4 weeks three specimens were used from each coating. At different time periods a sample 
was taken for the Ca-ion concentration measurement. The Ca concentration in the solutions was 
determined in triplicate by flame atomic absorption spectrometry (Varian model AAS 300). 
For comparative reasons, in this test also the dissolution o f heat-treated and non-heat-treated HA 
plasma-sprayed coatings (particle size 1-125 ^m ) was measured. These coatings had a thickness 
o f about 50 ^m. XRD-analysis demonstrated that the coatings showed an increase o f about 25% 
in crystallinity after heat treatment.
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Results. 
Physicochemical analysis.
Figure 1a shows the XRD pattern of commercially HA powder (MetcoR) sintered at 1250°C. 
Minimal line broadening can be seen, which indicates a well-crystallized material. The four 
strongest lines in this XRD pattern are 002, 211, 112 and 300 reflections corresponding 
25.9°,31.9°,32.4° and 33.2° 2-Theta respectively. This diffractrogram could be matched with 
the diffraction data o f standard synthetic hydroxylapatite from the Joint Committee on Powder 
Diffraction Standards (JCPDS #9-0432). Figure 1b shows the X-ray diffraction o f intact 
unpowdered tooth enamel. Because o f the different orientations of the apatite needles the pek 
height ratios are different compared with the standard synthetic hydroxylapatite. This X-ray 
diffraction is called preferential (00l) oriented, and the four reflections, 002, 102, 1 12 , 202, 
correspond to 25.9°, 28.1°, 32.4° and 34.0° 2-Theta respectively. Based on our preliminary 
results both patterns were used as the reference pattern.
An X-ray diffraction pattern (figure 2) o f the stationary deposited sputter coating 2 showed that 
this procedure resulted in a crystalline Ca-P coating, with a preferred (00l) crystallographic 
orientation with the C-axis perpendicular on the substrate surface (reflections 002, 102, 112, 202, 
respectively 25.9°, 28.1°, 32.4° and 34.0° 2-Theta), similar to tooth enamel.
Figure 1a. The X-ray diffraction pattern of commercially HA powder sintered at 1250oC.
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Figure 1b. The X-ray diffraction pattern of intact unpowered tooth enamel.
Figure 2. The X-ray diffraction pattern of the stationary deposited sputter coating with a thickness of 2.5 
^m, showing a crystalline Ca-P coating, with a preferred (00J) crystallographic orientation.
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Figure 3. The X-ray diffraction pattern of the stationary deposited sputter coating with a thickness of 0.5
^m, showing a preferential oriented amorphous/ crystalline Ca-P coating, with only 002 and 112 
reflections.
Figure 4. The X-ray diffraction pattern of the rotated sputtered coating with a thickness of 10 ^m, showing
an amorphous Ca-P coating.
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On the other hand, as could be observed from the incline to the base line, stationary sputtering 
o f 0.5-^m -thick films created a preferential oriented amorphous/crystalline Ca-P coating, with 
only 002 and 112 reflections (figure 3). Furthermore, we found that all the rotated sputtered 
coatings had an amorphous structure without specific reflection lines (figure 4).
Heat treatment o f these amorphous coatings for 30 min. at 650°C in air changed their structure 
to a more at random apatite structure (figure 5), comparative with the XRD pattern o f HA powder 
according to the diffraction data o f standard synthetic hydroxylapatite. In addition, to the 002 and 
112 reflections at 25.9° and 32.4° 2-Theta, as observed in all preferential oriented coatings, 
reflections 102, 210, 211, 300 and 202 also appeared. In contrast, crystalline coatings subjected 
to heat treatment maintained their preferred orientation (figure 6).
Figure 7a shows a typical IR spectrum of the used plasma-sprayed HA  target. This spectrum 
shows that absorption bands characteristic o f P-O bonds appear at 1090, 1050, 970, 610 and 575 
cm-1. The absorption band at 3570 and 635 cm-1 are indicative o f the O-H functional group. 
Figure 7b indicates that after magnetron sputtering the O-H bands at 3570 and 635 cm-1 
disappeared.
Figure 5. The X-ray diffraction pattern of the rotated sputtered coating with a thickness of 10 ^m, heat- 
treated at 650°C for 30 min, showing a oriented crystalline Ca-P coating.
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Figure 6. The X-ray diffraction pattern of the stationary deposited sputter coating with a thickness of 2.5
^m, heat-treated at 650°C for 30 minutes, showing a preferential oriented crystalline Ca-P 
coating.
Figure 7. (A) An Infra-Red spectrum of the used HA target. (B) An Infra-Red spectrum of a magnetron 
sputtered Ca-P coating.
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Scanning electron micrographs (figure 8) o f cross sections o f sputter-coated specimens showed 
an excellent coverage o f the surface substrate. Further examination revealed that the coating had 
a uniform thickness without any porosity in the interface.
Energy-dispersive X-ray spot analysis demonstrated that the sputter coatings consisted o f calcium 
and phosphorous. An example o f an EDS spectrum is shown in figure 9. Peaks indicating 
Titanium (Ti) are derived from the titanium-alloy substrate. The semiquantitative analysis o f the 
X-ray for the relative amount o f calcium and phosphorous revealed that the Ca/P ratio o f the 
sputtered coating varied between 1.50 and 2.00.
Dissolution assay
Figure 10 shows the calcium concentration o f the different calciumphosphate coatings in 
Gomori's buffer during a 4 weeks incubation period. It can be observed that the amorphous 
sputter coating shows the highest calcium concentration. The sequence o f coating dissolution is 
Sputter-Amorphous > Plasma-sprayed HA > Plasma-sprayed HA-heated > Sputter-Crystalline 
= Sputter-Amorphous-heated.
Figure 8. A scanning electron micrograph of cross sections of sputter-coated specimens showing an
excellent coverage of the surface substrate (T = titanium, C = ceramic, R = resin).
Magnetron sputter calcium phosphate coatings 69
Figure 9. An energy dispersive spectrum of the sputter Ca-P coating. The Ca/P ratio at this spot is 1.71.
Figure 10. Graph sowing the dissolution rate of Ca-P coatings in Gomori's solution with pH 7.2 at 37 °C 
(SP-A = amorphous sputter coating, SP-AHT = amorphous sputter coating heated at 650 ° C., SP­
C = crystalline sputter coating, PL-AC = plasma-sprayed HA coating, PL-HT = plasma-sprayed 
HA coating heated at 650°C).
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Discussion and Conclusions.
From the results o f this study, we concluded that RF magnetron sputtering is an excellent method 
for forming stable, dense, adherent, and homogenous Ca-P thin-films on metal substrates. The 
advantages o f RF magnetron sputter-coating over other coating processes include the high 
adhesion o f films, the excellent uniform layers and the ability to coat implants with difficult 
surface geometries.
The results o f the XRD measurements showed that the crystallinity o f the deposited coatings is 
influenced by the obtained coating thickness and the use o f a rotating or stationary specimen 
holder. This phenomenon can be attributed to the existing differences in substrate temperature 
under various experimental conditions. For example, the substrate temperature depends on the 
arrival energy o f the atoms that are ejected from the target material. A rotating substrate holder 
leads to a decrease in the sputtering rate and energy, which is equivalent to alow substrate 
temperature. Consequently, the grain size o f the deposited coating will be small, resulting in an 
amorphous appearance. Besides this phenomenon, the poor thermal conduction properties o f the 
previously deposited amorphous Ca-P layer cause an increase in the temperature in this film. As 
a result, the grains get more energy and grow. In this way, a crystalline phase will be deposited 
on top o f the amorphous phase. This last hypothesis is supported by Cotell (1993) and 
Kistenmacher (1991), who reported that at low deposition temperatures, the grain size is small 
enough to indicate an amorphous structure. As the deposition temperature increases, the grains 
grow and the resulting coatings are more crystalline. Therefore, at the interface a sputter-coating 
consist of an amorphous phase o f only a few nanometres thick (Cotell 1992).
In addition to these observations, the X-ray diffraction pattern for the obtained coating indicated 
a crystallographic orientation in the (002) direction, which appeared to be similar to the XRD 
pattern o f apatite crystals in intact tooth enamel (Hirota 1982, Cotell 1992, Jansen 1993, 
Schaeken, personal communications). A heat treatment at 1000°C did not change this 
preferential orientated film. On the other hand, heat treatment o f the amorphous coatings cahnged 
their structure to a more random oriented apatite structure.
Furthermore, compared to other thin film coating techniques, the advantage o f RF magnetron 
sputtering is the high deposition rate (1.0 |im/h). For example, this is almost 10 times higher than 
ion beam sputter deposition (Ong 1991). In addition, another advantage o f RF magnetron 
sputtering above ion-beam sputtering is that the final coating thickness is not limited by the 
durability o f the filament.
A puzzling result in our study is the wide variation in Ca/P ratio (1.50-2.00) among films that 
were all identified as HA by X-ray diffraction. According to Cotell (1993), a possible explanation 
is the substitution o f carbonate groups for the phosphate groups on the HA molecule. On the 
other hand, it may also be that this variation in Ca/P ratio is caused by the plasma-sprayed target.
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However, the target we used for the sputtering consisted o f well-defined coating. Furthermore, 
we have to emphasize that it is impossible to use dense sintered crystalline targets in the sputter 
experiments. Such targets break as a result o f the considerable heating during sputtering. In 
contrast, plasma-sprayed targets have an advantage in that the cracks and glassy phase are able 
to relax the extreme heating o f the coating.
Considering the infrared spectra, the sputtered films show weak C-O absorptions o f the same 
intensity as those present in the starting material. In addition, all coatings, heat-treated and non­
heat treated, showed a loss o f OH-bands. Therefore, to produce coatings with all the 
characteristics o f HA, the chemical and physical arrangement has to be restored by other 
processes. Currently, several techniques are available for this conformational improvement of 
the coating, such as ion-assisted processes (Solnick-Legg 1989), annealing under steam flow 
(Aoki 1991), annealing at 600 °C (Wolke 1992) and deposition with bias voltage or higher 
substrate temperatures.
Finally, in accordance with other studies (Klein 1990, Ong 1992, W olke 1992), the dissolution 
assay demonstrated again that the dissolution o f Ca-P coatings is partly determined by the 
crystallinity o f the deposited coating. W e observed that the amorphous sputtered coating 
dissolved almost completely within 4 weeks, whereas the dissolution rate o f the crystalline- 
sputtered and heat-treated was much lower. However, as described by Ong (1992), extremely 
small crystals are not restrained by interionic attraction o f the ions. Therefore, it was not 
surprising that the amorphous sputtered coatings dissolved rapidly. Also, this dissolution test 
showed clearly that HA plasma-sprayed coatings are more soluble than crystalline sputtered HA 
coating. Nevertheless, it must be stressed that in  vitro  solubilities are generally not predictive for 
in  vivo behavior, as shown by Klein (1991), and Dhert (1991).
In conclusion, based on the results o f this study, further experiments will be performed, which 
include: ( 1) the use o f other analysis techniques to obtain more information about the 
composition and structure o f the deposited Ca-P films, and (2) a study to improve and restore the 
conformational state o f these coatings.
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Introduction.
Previous work by our group investigated the use o f radiofrequency (RF) magnetron sputter 
deposition as a method o f applying thin adherent calcium phosphate coatings to titanium 
implants (Jansen 1993, W olke 1994, van Dijk 1995, Hulshoff 1995). In these studies the 
physicochemical as well as biological properties o f various amorphous and crystalline 
deposited coatings were investigated. The results showed that the deposited films had a 
uniform and dense structure, especially on complex implants materials, and excellent 
adhesiveness. The in  vitro  dissolution appeared to be determined by the degree o f crystallinity 
o f the sputtered coatings. In  vitro osteoblast cell culture experiments showed extracellular 
matrix formation both on amorphous and crystalline sputtered coatings. Furthermore, under 
in  vitro conditions the coatings appeared to induce apatite formation. In  vivo animal studies 
revealed that the sputtered coatings showed the same process o f bone healing as plasma 
sprayed calcium phosphate coated implants (H ulshoff 1996).
However, we also know that biological behavior is not the only prerequisite for long-term 
safe application o f Ca-P coated implants. For example, several reports have already been 
published about the degradation and resorption o f plasma sprayed hydroxylapatite (HA) 
coatings (Dhert 1991, Klein 1991, Kay 1992, Bloebaum 1994, W heeler 1996). Since the 
occurrence of these phenomena is supposed to be related to the fatigue properties o f these 
deposited coatings (Geesink 1988, Kummer 1992, Reis 1994, Clemens 1995), this last 
param eter always requires critical evaluation. In view o f this, it is also important to notice 
that previous research demonstrated that the finally observed fatigue properties o f HA 
coatings depend on the experimental conditions used (“w et” or “dry” testing) (Kummer 1992, 
Reis 1994, Clemens 1995) and the presence o f the residual stress in the coated layer 
(W indischmann 1991, Herr 1993, Ljungcratz 1993).
Therefore, the aim o f this study was to investigate the delamination and dissolution behavior 
o f Ca-P magnetron sputter coatings subjected to cyclic loading in different test conditions. 
Further, we determined whether this performance was influenced by the occurrence of 
residual stress in the sputtered film.
Materials and Methods.
Test specimen.
For the experiments Ti-6Al-4V bars (190 x 23.5 x 3 mm) were used (figure 1). RF magnetron 
sputter coating was performed using an Edwards High Vacuum ESM100 sputter system. The 
target material consisted o f plasma sprayed HA coated on top o f a copper disc. The process
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Figure 1. Photograph of the coated bars after cyclic loading tested in air and in SBF buffer. (A)
amorphous coating, (B) crystalline coating, (C) amorphous heat-treated coating, (•) tested in 
air.
pressure was 5 x 10-3 mbar using argon gas. The deposition rate o f the ceramic was 200-250 
nm/min.(power level 700 W). The titanium bars as used in this experiment were coated while 
fixed on a rotary or stationary indexed substrate holder.
The bars were provided with the following coatings:
1. Stationary sputtered coating, with a thickness o f 3.5-4 |im.
2. Rotated sputtered coating, with a thickness o f 3.5-4 ^m.
3. Rotated sputtered coating, with a thickness o f 3.5-4 ^m, additionally heat-treated for 1 
h at 650°C.
The crystal structure o f each film was determined by X-ray diffraction (XRD) using a Philips 
diffractometer utilizing CuK a  radiation. The infrared spectra o f the films on the substrates 
were obtained by a reflection Fourier Transform Infrared Spectroscopy (FTIR) (Perkin- 
Elmer®). The morphology o f the coatings was examined with a Philips SEM 525 scanning 
electron microscope (SEM). An energy dipersive x-ray detector (EDS, Tracor®) was used to 
obtain information about the elemental composition o f the coated specimens. Ca and P 
concentration was measured by using calibration standards o f known Ca/P content.
Stress measurement.
The residual stress state in a material can be determined via X-ray diffraction by measuring 
the d  spacing o f a given reflection along several different directions in the sample. If  the 
unstressed lattice spacing dc is known, then the measured lattice spacing can be converted to 
strains components £ in the film and the stress 1  can be calculated. Further the Young’s 
modulus E  and the Poisson ratio v must be known. A modification o f the sin2 % method first 
presented by Haase (1988), assuming a Poisson ratio o f 1/3 gives the cos 23  method:
£ ( 3 ) = - £ 1COS29
In practice, a straight line is fitted to the (dobs-dc)/dc data points as a function o f £(3 ).
The stress in the films was determined by thin-film X-ray diffraction using a Philips 
diffractometer utilizing CuK a  radiation, angle o f incidence 0=0.25° and a scan o f 20=20°- 
70°. An internal standard o f silicon powder was dispersed on the sputtered films to correct the 
observed diffraction angles for errors caused by small sample displacement .
Three point bending tests.
A four station, three-point cyclic apparatus (Instron®) was used. The test bars were supported 
at 108 mm by their end and loaded centrally with a hemispherical indenter at the side 
opposite to the coated side. M aximum interfacial stresses in bending o f 280-300 M Pa were 
utilized and the samples were tested at a frequency o f 7 Hz until 106 cycles were reached. 
This corresponds with approximately 52 h per sample. The displacement at the maximum 
interfacial stresses was 2 mm. Tests were executed according to ASTM E 855 and the test 
environments were air and Simulated Body Fluid buffer (SBF) with a pH o f 7.2 at 25°C(see 
table 1, figure 1). After testing the bars were inspected with a SEM equipped with an EDS 
detector
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Table 1 : Simulated Body Fluid (SBF)
Na+ K+ Ca2+ Mg2+ Cl- (HCO3)- (HPO4)2- (SO4)2-
142.9 mM 5.0 mM 2.5 mM 1.5 mM 147.8 mM 4.2 mM 1.0 mM 0.5 mM
Buffered with tris(hydroxymethyl) aminomethane (50 mM); set at pH 7.2 with 1.0N hydrochloric acid (Li 
1993).
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Results. 
Macroscopic findings.
M acroscopic evaluation o f amorphous coated bars tested in wet conditions showed signs of 
delamination o f the coating in the more highly stressed region (figure 1). Macroscopically, 
the other did not reveal any sign o f delamination.
X-ray diffraction.
The XRD pattern o f a stationary deposited sputter coating showed a crystalline structure 
(figure 2), with a preferred (002) crystallographic orientation. (reflections 002, 102, 112, 202 
respectively 25.9°, 28.1°, 32.4° and 34.0° 2-Theta).
A rotated sputter coating showed an amorphous structure without specific reflection lines. 
Heat treatment for 1 hour at 650°C, changed the amorphous structure into a more random 
apatite structure (figure 3), comparative with XRD pattern o f HA powder (JCPDS #9-0432).
Figure 2. The X-ray diffraction pattern of a stationary deposited sputter coating, showing a crystalline
structure, with a preferred (002) crystallographic orientation. The Si-peaks are from the 
internal Silicon standard.
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Figure 3. The X-ray diffraction pattern of a rotated sputter coating, heat treated for 1 hour at 650 C.,
showing a random orientated crystalline structure. The Si-peaks are from the internal Silicon
standard.
F o u rie r tran sfo rm  in fra red  spectrom eter.
For all the amorphous and crystalline films in air FTIR measurements showed two clusters of 
peaks from 900-1150 and from 550-600 cm-1 attributed to the major absorption modes 
associated with the presence o f phosphate (figure 4) (Marquis 1992). Heat treatment resulted 
in the appearance o f the hydroxylpeaks at 621 and 3571 cm-1, characteristic for 
hydroxylapatite and the appearance o f the various P-O bonds at a wavelength o f 567, 587, 
948, 965, 1009, 1083, and 1124 cm-1 (figure 5).
R esidual stress m easurem ent.
Figures 6 and 7 show the results of the residual stress measurements, the fits of the reflections 
data demonstrated the presence of compressive stresses in the crystalline sputter coating. The 
data for heat treated amorphous coating indicated an almost stress free film. O f course, the 
amorphous coating was stress free.
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Figure 4. Fourier transform infrared spectrum of a film sputtered at 700 W.
Figure 5. Fourier transform infrared spectrum of a film sputtered at 700 W. after annealing for 1 hour at
650°C.
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Figure 6. Plot of (dobs-dc)/dc as a function of e(<p) for a stationary deposited sputter coating. The
crystalline film is under compressive stress.
Figure 7. Plot of (dobs-dc)/dc as a function of ( ) for a rotated sputter coating, heat treated for 1 hour at 
650° C. The data for the heat treated coating show an stress free film.
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SEM and EDS analysis.
SEM and EDS evaluation revealed that:
- all deposited coatings had a uniform smooth surface appearance. The Ca/P ratio o f the 
coatings varied between 1.8 - 2 .2 .
- crystalline sputter coating tested in air demonstrated partial coating loss (figure 8).
- amorphous and amorphous heat-treated coated bars tested in air did not show any 
morphological changes (figure 9).
- crystalline sputtered coatings tested in wet conditions disappeared totally from the 
titanium bars.
- amorphous coated bars tested in wet conditions showed only signs o f delamination in 
the more highly stressed region and a crackle-appearance o f the maintained Ca-P 
sputter coating. This crackle appearance was due to a drying artefact. In addition, a 
reprecipitated amorphous layer was observed on areas, where the coating was 
maintained (figure 10). EDS confirmed the Ca-P nature o f this precipitate. A 
semiquantitative analysis o f the X-ray for the relative amount o f Ca and P revealed 
that Ca/P ratio o f the precipitate varied between 1.4 - 1.77.
- heat treated amorphous sputter coating tested in wet conditions did not show any sign 
o f degradation or delamination. Occasionally, a Ca-P precipitate was found on the 
surface of this sputter coating (figure 11).
Figure 8. Scanning electron micrograph of a crystalline coated bar after cyclic loading tested in air,
showing partial coating loss.
82 Chapter 5
Fig. 9 Scanning electron micrograph o f an amorphous heat-treated coated bar after
cyclic loading tested in air, showing no morphological changes
Fig. 1G Scanning electron micrograph of an amorphous coated bar after cyclic loading tested in SBF buffer, 
showing a crackle-appearance of the coating and the formation a Ca-P precipitate (arrow)
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Figure 11 Scanning electron micrograph of an amorphous heat-treated coated bar after cyclic loading
tested in SBF buffer, showing the formation a Ca-P precipitate
Discussion and Conclusions.
Fatigue behavior of materials is generally determined by the presence of surface defects like 
cracks. Therefore, to evaluate the fatigue life of materials mostly cross-sectional analysis of 
the fracture interface is performed. However, due to the very low thickness o f sputtered 
calcium phosphate coatings such a research could not be performed and we had to confine 
ourselves to surface analysis o f the tested coatings. Nevertheless, we can conclude that 
calcium phosphate coatings subjected to cyclic loading conditions show an important 
difference in fatigue behavior when tested in dry or wet conditions.
Furthermore, we observed that the coating conditions (rotary or stationary substrate holder) 
influenced the residual film stress. Crystalline sputtered coatings showed the presence of 
compressive stresses. These measured residual stresses are attributed to processes occurring 
during film growth. During the deposition o f the arriving atoms, the substrate temperature 
increases and the grains grow resulting in a columnar structure. Subsequently, when the film 
is growing, the poor thermal conductivity properties of the ceramic Ca-P layer cause an 
increase o f temperature in this film. As a result, the grains get more energy and grow. In this 
way, the grainsize distribution increases and may reflect a change in the film structure with
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depth. This phenomenon causes that the stress varies with depth. For example Hoffman 
(1977) showed a linear relationship between force per unit and film thickness for sputtered 
material. In his experiment he sputtered chromium films and observed that the very thin film 
adherence was in a state of tension, but this was not manifested in thicker deposits because of 
the addition o f a constant amount o f compressive force per increment o f film thickness. 
Post-heat-treatment at 650 °C o f amorphous deposited coating results in a stress free 
crystalline film. This shows that the annealing o f the amorphous film gives a uniform crystal 
structure with depth.
For the cyclically loaded calciumphosphate coatings tested in air only the crystalline sputter 
coated bars showed a loss o f coating. This phenomenon can be explained by the compressive 
stresses present in the deposited film. All the other air-tested coatings show no sign of 
delamination or any loss of coating after cyclic loading. On the other hand, in wet conditions 
(SBF) the amorphous coatings also appeared to be less stable. However, it has to be noted that 
the amorphous coating only showed signs of delamination in the highly stressed regions, 
while in less stressed areas a Ca-P precipitate was formed. Only, the heat-treated sputter 
coating appeared to be stable under the test conditions. This is probably due to the very low 
dissolution rate o f this stress free film. The applied stress, due to the cyclic loading, should be 
considered as an important factor for the coating dissolution. Therefore, it can be suggested 
that the amorphous phase in a Ca-P coating demonstrates a different fatigue behavior. The 
different composition of this phase might alter the behavior of an apatite coating under stress 
(Bearcroft 1993, Radin 1992). These theory is confirmed by Clemens (1995), who found 
extensive microscopical changes of plasma-sprayed amorphous HA coatings after cyclic 
loading under wet conditions, while crystalline coatings did not show any changes. 
Apparently, in his plasma-sprayed coating the combination of stress and dissolution had a 
dramatic influence on the integrity of the amorphous or glassy phase of the HA coating. 
Furthermore, SBF buffer in combination with cyclic loading influenced the morphology o f the 
amorphous sputter coating. The Ca, P and M g concentration o f SBF is almost equal to those 
o f human blood plasma. After 52 h the ion concentration will be increased and as a result a 
precipitate will be formed. The start o f this precipation process can be attributed to a local 
supersaturation o f both Ca and P caused by the dissolution o f these ions from the film (Li 
1993). The crystalline and annealed amorphous sputter coating did not change the ion 
concentration in the SBF and no precipitate could be observed. The Ca/P ratio o f the 
precipitate varied from 1.44 to 1.78 and the crystallographic structure indicated an amorphous 
calciumphosphate (ACP). It has been reported that Mg ions can inhibit apatite maturation and 
growth. The most important parameter driving this phenomenon seems to be the temperature 
and the pH o f the solution (Blumenthal 1989). In slightly alkaline solutions ACP transforms
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in a few hours to hydroxylapatite or non-stoichiometric apatite. Another possible mechanism 
is that ACP (in the presence of M g ions) first forms octacalcium phosphate (OCP). This 
suggests that the transformation proceeds via an OCP-like crystalline phase, followed by 
hydrolysis into apatite (Rey 1991, Elliott 1994). Furthermore, it should be pointed that this 
apatite formation process will influence the final bone-bonding properties.
In summary, our findings show clearly that the integrity of calciumphosphate sputter coatings 
under cyclically loaded conditions demonstrated a different behavior when tested in dry or 
w et conditions. The heat-treated sputter coating appeared to be the only stable coating under 
the applied cyclic stress levels. However it has to be emphasized, that extrapolation o f these 
in  vitro  results to the in  vivo  behavior is very complicated (Dhert 1991, Klein 1991).
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Introduction.
Although it has been demonstrated in several studies that plasma-sprayed hydroxylapatite (HA) 
coatings, have an excellent biocompatibility with bone (Dhert 1991-1993, Klein 1991, de Groot 
1994, Caulier 1995, Ochi 1994), there still exists a controversy with respect to the clinical 
usefulness o f such HA coatings. Incidentally, failures have been reported, which mainly have to 
do with the degradation and fatigue behavior o f these coatings (Kay 1992, Bloebaum 1993-1994, 
Frayssinet 1995, Frayssinet 1995, W heeler 1996). For example, a combination o f aqueous 
environment with stress is reported to cause delamination or accelerated dissolution o f the Ca-P 
coating, which can influence the long-term stability o f the implants (Kummer 1992, Clemens
1995). To solve these problems, other coating techniques are suggested to produce improved Ca­
P coatings. One o f the techniques used to deposit new types o f Ca-P coatings is radiofrequency 
(RF) magnetron sputtering (Jansen 1993, Solnick-Legg 1989, Stevenson 1989). The advantages 
o f this method are, that more retentive and physicochemically better defined Ca-P coatings can 
be produced. In detail, previous results in our laboratory already showed that the deposited films 
had an uniform and dense structure, especially on complex im plants materials. The in  vitro 
dissolution and fatigue behavior appeared to be determined by the degree o f crystallinity o f the 
sputtered coatings. Further, cell culture experiments demonstrated that the magnetron sputtered 
Ca-P coatings stimulated extracellular matrix formation (ECM) and induced apatite formation. 
In these cell culture conditions, also no severe degradation o f the coatings was observed even 
after prolonged culturing periods (Wolke 1994-1997, Dijk 1995, H ulshoff 1995-1996). Despite 
these favorable results we know that all these in  vitro  results are not necessarily predictive for 
the in  vivo  performance (Dhert 1991, Klein 1991).
Therefore, the obj ective o f the present study is to characterize the surface features and dissolution 
properties o f different Ca-P sputter coatings after subcutaneous implantation in rabbits.
Materials and Methods.
Ca-P sputter coatings.
For the experiments commercially pure titanium discs were provided with various Ca-P sputter 
coatings. The discs measured 1 mm in thickness and had a diameter of12 mm. The coatings were 
provided with a commercially available RF magnetron sputter unit (Edwards ESM  100). The 
target material used in the deposition process was a copper disk provided with a plasma-sprayed 
hydroxyapatite coating (CAMCERAM®). The process pressure was 5x 10-3 mbar and the sputter 
power was 400 W. The deposition rate o f the films was 100-150 nm/min sputtering. Coatings 
with three different thicknesses were prepared:
1. thickness 0.1 |im
2 . thickness 1 |im
3. thickness 4 |im
In total 144 titanium  discs were coated: 48 o f each thickness. O f each group, half o f the 
specimens was subjected to an additional heat treatment for 2 hours at 500°C.
Characterization of the sputter coating.
Before implantation the deposited films were characterized using the following techniques:
- The crystallographic structure o f each film was determined by X-ray diffraction (XRD) 
using a Philips 0 - 2 0  diffractometer using a CuK a -radiation.
- The infrared spectra o f the films on the substrates were obtained by reflection Fourier 
transform infrared spectroscopy (FTIR)(Perkin-Elmer).
- The surface topology o f the films was examined using scanning electron microscopy 
(SEM).
- The elemental composition of the films was determined with an energy dispersive 
spectroscopy (EDS).
Animal model and implantation procedure.
Twelve female N ew Zealand white rabbits, 3-4 months old, were used in this study. Surgery was 
performed under general anaesthesia by intramuscular injection o f Hypnorm (0.5 ml/kg) and 
atropine (0.5 mg/animal). After oro-tracheal intubation, anaesthesia was maintained by ethrane 
2-3% through a constant volume ventilator. To reduce the perioperative infection risk, 
prophilactic antibiotic (Terramicine®) was administered postoperatively by a subcutaneous 
injection.
In two surgical sessions the implants were placed subcutaneously into the back. Before surgery 
the skin was shaved, washed and disinfected with iodine. During each surgical session six 
longitudinal incisions o f about 1.5 cm were made parallel to the spinal column. Lateral to these 
incisions small subcutaneous pockets were created by blunt dissection with scissors. The 
implants were inserted into these pockets and the wounds were closed using Vicryl 3-0 
intracutaneously.
Each rabbit received 12 discs, 6 in the left and 6 in the right side o f the spinal column. The 
position of the various implants into the back was based on the method of Latin squares. Each 
side o f the back represented one implantation period. The implantation periods were 1, 4, 8 and 
12 weeks. Consequently, at the end o f the experiment, six specimens o f each coating and 
implantation time were present (Table 1).
Postoperatively the animals were placed in cages (five rabbits sharing one big cage, 1.33x1.10m).
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Table 1: Implantation scheme
L e f t  o f  t h e  s p in a l  c o lu m n  
X  im p la n t a t io n  p e r io d
R ig h t  o f  t h e  s p in a l  c o lu m n  
Y  im p la n t a t io n  p e r io d
R a b b i t  1 A B C D E F R a b b i t  1 E F A B C E)
R a b b i t  2 F A B C D E R a b b i t  2 D E F A B C
R a b b i t  3 E F A B C D R a b b i t  3 C D E F A B
R a b b i t  4 D E F A B C R a b b i t  4 B C D E F A
R a b b i t  5 C D E F A B R a b b i t  5 A B C D E F
R a b b i t  6 B C E> E F A R a b b i t  6 F A B C D E
X  =  8 o r  12 w e e k s  Y  =  4 o r  1 w e e k ( s )
T h ic k n e s s  
C a /P  c o a t i n g
A m o r p h o u s C r y s ta l l in e
0 1 [am A D
1.0 (im B E
4.0  nm C F
They were provided with water and rabbit chow ad libitum and were allowed to move 
unrestricted at all times.
At end of the implantation the animals were killed by injecting an overdose of 
pentobarbitalsodium (Nembutal®) peritoneally.
After killing the animals, a longitudinal incision was made on both sides o f the vertebral column. 
Subsequently, the implants were exposed and retrieved out of the surrounding fibrous tissue 
capsule. After removal, the implants were stored in alcohol water and transported to the 
laboratory for characterization by XRD, FTIR, SEM and EDS.
Results.
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Characterization of Ca/P coatings before implantation:
X-ray diffraction.
All as-sputtered coatings had an amorphous structure without specific reflection lines. Heat 
treatment for 2 hours at 500°C changed the amorphous sputtered coating into an amorphous- 
crystalline apatite structure (refections 002, 211, 112, 202 resp. 25.9°, 31.9°, 32.4° and 34.0° 
2-Theta), comparative with the XRD pattern o f HA powder (JCPDS #9-0432) (figure 1).
Fourier transform infrared spectroscopy.
FTIR measurements showed for all the amorphous coatings two cluster o f peaks from 900-1150 
and from 550-600 cm-1 attributed to the major absorption modes associated with the presence of 
phosphate (figure 2a). Heat-treated coatings resulted in the appearance o f the hydroxylpeaks at 
630 and 3571 cm-1, characteristic for hydroxylapatite and the appearance o f the various P-O
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bonds at a wavelength o f 567, 587, 948, 965, 1009, 1083, and 1124 cm-1 (figure 2b).
Figure 1. The X-ray diffraction patterns of (a) an amorphous sputter coating, and (b) an amorphous sputter
coating heat-treated for 2 hours at 500°C., showing a random orientated crystalline structure. 
(Ti=titanium substrate).
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Figure 2. The fourier transform infrared spectra of film sputtered at 400W (a) an amorphous sputter
coating, and (b) an amorphous sputter coatingheat-treated for 2 hours at 500° C., after annealing 
the OH bands at 3571 and 630 cm-1 of hydroxylapatite become visible.
Scanning electron microscopy.
SEM examination o f the sputtered coatings showed an excellent coverage o f the substrate 
surface. Annealing o f the 4 |im  thick coatings resulted in the appearance o f a few cracks.
Energy dispersive spectroscopy.
A semiquantitative analysis o f the X-ray for the relative amount o f Ca and P revealed that Ca/P 
ratio o f the coatings varied between 1.8 - 2 .0 .
Characterization of the specimens after retrieval.
X-ray diffraction.
One week after implantation, only XRD patterns o f the heat-treated specimens showed an 
increase o f crystallinity. The amorphous phase had disappeared on the base-line. This increase 
o f crystallinity proceeded until 4 weeks o f implantation. Thereafter, this effect altered and only 
on the 4 ^m  samples small reflection peaks could be observed, indicating the presence o f some 
crystalline phase (figure 3).
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Figure 3. The X-ray diffraction patterns of (a) heat-treated for 2 hours at 500°C., (b) after 1 week
implantation, (c) after 4 weeks implantation, (d) after 8 weeks implantation, (e) after 12 weeks 
implantation, showing an increase of crystallinity during 1-4 weeks of implantation. After 8-12 
weeks of implantation the crystalline phase disappeared and small reflection peaks could be 
observed.
Fourier transform infrared spectroscopy.
FTIR analysis showed for the amorphous coatings that 1 week after implantation on the 0.1 |im 
specimens no PO-bonds could be detected. Further, only 2 o f the examined 1 |im and all the 4 
|im  samples showed the presence o f PO-bonds. In addition, on these specimens carbonate apatite 
(CO3-AP) at 1454 and 1404 cm-1 associated with an organic phase (NH 2-groups) at 1652 cm-1 
was present (figure 4a). After 4 weeks o f implantation, PO-bands and carbonate apatite on the 
amorphous substrates could only be seen on the 4 |im  specimens. After 8 weeks, these bonds 
were also disappeared on these surfaces.
On all heat-treated samples after 1 and 4 weeks of implantation PO-bonds, OH and CO3-AP 
peaks were found (figure b). After 8 weeks, all these peaks were disappeared on the 0.1 and 1 |im 
samples. At this implantation time, all 4 ^m  coating, showed the presence o f PO-bonds and small 
CO3 -AP peaks, but no longer hydroxyl peaks could be seen. These PO- and CO3-AP peaks were
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still present after 12 weeks o f implantation.
Figure 4. FTIR spectrum of (a) an amorphous specimen and (b) heat treated coating after one week after
implantation showed the presence of carbonated apatite (CO3-AP) at 1454 and 1404 cm-1 
associated with an organic phase at 1652 and 1545 cm-1
SEM analysis.
SEM evaluation revealed that already 1 week after implantation the amorphous 0.1 |im  coating 
had disappeared. All other amorphous coatings showed signs o f partial dissolution at this 
implantation period (figure 5). Four weeks after implantation all 1 |im  amorphous coatings were 
dissolved completely, while the 4 |im amorphous coatings showed severe signs o f dissolution. 
In addition, on the 4 |im  specimens a precipitate was observed. These precipitated coatings 
showed a low adhesion with the titanium surface (figure 6). After 8 weeks these coatings with 
precipitate were disappeared for the greater part. Only 5-10% of the surface was still covered. 
After 12 weeks they were disappeared completely.
All heat-treated coatings were still present after 1 week after implantation. The coating showed 
a crackled appearance. Occasionally the Ca-P coating was dissolved locally and a granular 
precipitate was deposited (figure 7). On all heat-treated coatings this precipitate grew in thickness 
until 4 weeks o f implantation and was strongly attached to the Ca-P coating surface (figure 8). 
Further, we noticed that the morphology o f the precipitate onto the two types o f sputtered coating 
differed. On the heat-treated coatings the spherocrystallites, varied in diameter up to 5 |im and 
on the amorphous coating up to 2 |im.
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Figure 5. Scanning electron micrograph of a 4 thick amorphous coating after 1 week after implantation,
showing partial dissolution of the coating.
Figure 6. SEM micrograph of a 4 ^m thick amorphous coating after 4 weeks after implantation, showing
total dissolution of the coating and the formation of a Ca-P precipitate (T = Titanium substrate, 
Arrows + P = precipitate and coating).
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Figure 7. Scanning electron micrograph of a 4 ^m thick heat-treated coating after 1 week after
implantation. The Ca-P coating dissolved locally and a granular precipitate (P) was deposited.
Figure 8. Scanning electron micrograph of the Ca-P precipitate onto a 0.1 ^m thick heat-treated coating
after 4 weeks after implantation (The specimen was tilted).
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Figure 9. Scanning electron micrograph of a 4 ^m thick heat-treated coating after 12 weeks after
implantation. The coating was locally present and small crystals were formed on the titanium 
surface.
After 8 and 12 weeks the 0.1 and 1.0 |im  heat-treated coatings were disappeared completely. On 
the 4 |im  specimens only locally coating remnants were maintained. The remaining titanium 
surface was covered with a precipitate o f small crystals (figure 9).
Energy dispersive spectroscopy.
EDS analysis revealed that the additionally deposited layer on the Ca-P coatings and the small 
crystals on the titanium surface consisted o f Ca and P with a Ca-P ratio varying between 1.0 to
1.75.
Discussion and Conclusions.
The results o f the XRD measurement showed that annealing at 500°C changed the amorphous 
sputtered coating into an amorphous-crystalline apatite structure. W e observed that 4 weeks after 
implantation the heat-treated coatings were still present and all the amorphous coatings were 
completely or for a greater part dissolved. These results are in contrast with our in  vitro  findings
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using similar coatings. These experiments demonstrated the induction o f apatite and the 
formation o f extracellular matrix after incubation in simulated body fluid and cell culture on 
amorphous as well as crystalline sputter coatings without severe degradation o f these coatings 
(H ulshoff 1995). From literature, it has been suggested that dissolution/precipitation mediated 
events influence this formation o f biological apatite on the implant surface (Daculsi 1989, 
Ducheyne 1992). W e suppose that similar phenomena occur around the Ca-P sputter coated 
discs. The partial dissolution o f the amorphous sputter coatings causes an increase in the local 
concentrations o f calcium and phosphate ions, thereby increasing the degree o f saturation in the 
micro environment. This will facilitate the precipitation o f a stable calcium phosphate phase, 
which incorporates other ions (carbonate, magnesium etc.) and organic macromolecules from the 
biological fluids (Kokubo 1990, LeGeros 1991). In addition to this we observed that the 0.1 ^m 
amorphous sputter coatings did not show the CO3-AP formation on the titanium surface. This can 
be explained by the low pH (up to 5.2) as a result o f the surgical trauma. At this pH the 
dissolution o f HA is about 45 times as high as that at the physiological value o f 7.36 (Bagambisa 
1993). Therefore, it can be hypothesized that the apatite precipitation on the implant does not 
begin until the surrounding environment becomes appropriate for apatite formation. Further, we 
have to emphasize that despite this low pH all the heat-treated coatings were still almost 
completely maintained. As confirmed by a study o f De Bruijn (1992), this is probably due to the 
lower dissolution rate caused by the higher degree o f crystallinity. He found that the 
dissolution/precipitation behavior o f the various Ca-P ceramics was influenced by their chemical 
structure and crystallinity. In this context, we have to recognize that it is impossible to obtain a 
100% uniform crystalline sputter coating by annealing in a furnace at 500°C. At this temperature 
the resulting coating will always be amorphous-crystalline.
Another interesting point is that apparently the amorphous and crystalline sputter coating induced 
a morphologically different CO3-AP precipitate. In the heat-treated coating, apatite formation 
occurred on the surface o f the Ca-P coating and was strongly attached. In contrast with the apatite 
formation on the amorphous coating, which showed a low adhesion with the titanium surface. 
Further, the recrystallization particles on both types o f coating varied in diameter. On heat- 
treated coatings the spherocrystallites measured up to 5 ^m  and on the amorphous coating up to 
2 |im.
Finally, XRD analysis demonstrated that the increase in crystallinity o f the heat-treated coating 
declined at 8 weeks o f implantation. SEM inspection of the titanium surface revealed that the 4 
|im  surface was still partially covered with Ca-P coating and that small Ca-P crystals were 
present on the titanium substrate. Since we failed to investigate the surrounding tissue capsule, 
the reason for the disappearance o f the coating after longer implantation times remains unclear. 
W e assume that either (1) stresses developed as a result o f the heat treatment, caused the coating
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detachment or (2) the coating with precipitate became detached from the titanium discs during 
implant removal, which resulted in the maintenance o f these layers in the fibrous tissue capsule 
or (3) cell mediated processes in the implant/tissue interfaces involving macrophages and multi 
nucleated cells, played a role in the resorption and/or degradation of the coating with precipitate. 
An explanation for the presence o f these Ca-P crystals is, that they are formed during the heat 
treatment at 500°C and subsequently grow from the titanium substrate into the Ca-P coating. As 
a result these Ca-P crystals are well anchored to the substrate.
In summary, this study confirmed again that in  vitro  dissolution experiments are not predictive 
for the in  vivo functioning of Ca-P coatings. Since the coated implants were placed in 
subcutaneous tissue, we cannot completely conclude that still different results will be obtained 
in a bony environment. Further, supported by the results, we conclude that probably 0.1 |im  heat 
treated Ca-P sputter coating is already o f sufficient thicknesses to stimulate under in vivo 
conditions carbonate apatite deposition.
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Introduction.
The recent concerns that have been raised about the clinical feasibility o f plasma-sprayed Ca­
P coatings deal with the accelerated dissolution and/or delamination o f these coatings 
(Kummer 1992, Bloebaum 1993, Clemens 1995, Frayssinet 1995). To solve these problems, 
we suggested the use o f a RF magnetron sputter technique to deposit Ca-P coatings (Lacefield 
1988). Previous results in our laboratory showed that the deposited films had a uniform and 
dense structure, especially on complex implant materials. Further the dissolution o f the 
coatings in G omori’s buffer appeared to be partly determined by the crystallinity o f the 
deposited coating. Amorphous sputtered coating dissolved completely within 4 weeks, while 
the dissolution rate o f the crystalline-sputtered and heat-treated films was much lower (Jansen 
1993, W olke 1994).
On the other hand, we also know that dissolution studies in Gomori’s buffer are not 
predictive for the final chemical behavior o f Ca-P coatings (Dhert 1991, Klein 1991). This is 
confirmed by a study, in which we inserted amorphous and crystalline Ca-P sputter coated 
discs into the back o f rabbits (Wolke 1997). Although, the amorphous coatings dissolved 
within 4 weeks, this was followed by the precipitation o f carbonate apatite. Therefore, some 
researchers claim that the use o f physiological media is essential to investigate the preclinical 
dissolution behavior o f Ca-P films (Li 1993). Besides the above mentioned we also know that 
the final effectiveness o f our sputtered Ca-P coating will depend strongly on the degree of 
adhesion between coating and its underlying substrate. The adhesion strength o f a coating is 
considered to be the amount o f energy, which is required to separate it from the substrate. 
However, this energy is very difficult to measure. Many methods for detaching coatings have 
already been developed. Although some o f these are very sophisticated, such as the laser 
spallation (Vossen 1978) and the Lorentz force method (Krongelb 1978), they are not really 
o f routine practical use. More conventional methods are: scotch tape test, pull-off method, 
three or four point bending test, indentation test and scratch test (Steinman 1987, Burnett 
1988, Chalker 1991). The maximum adhesion that can be tested by the scotch tape and pull- 
off method is less than the strength o f used tape and adhesive. Both methods are limited to 
relative thick films with poor adhesion to the substrate. To obtain information about the 
adhesion strength o f thin sputtered Ca-P coatings indentation, bending and scratch adhesion 
methods appear to be the most accessible approach. Therefore, the aim o f this study was to 
investigate the dissolution behavior o f various calcium phosphate magnetron-sputter coatings 
in simulated body fluid (SBF). The adhesion strength o f these coatings were studied by the 
means o f scratch test.
M aterials and Methods.
Ca-P sputter coatings.
For the experiments commercially pure titanium discs were provided with Ca-P sputter 
coatings. The discs were cut from cpTi rods with a diameter o f 12 mm and a thickness o f 1 
mm. The coatings were deposited using a commercially available RF magnetron sputter unit 
(Edwards ESM  100). The target material used in the deposition process was a copper disk 
provided with a plasma-sprayed hydroxylapatite coating (CAMCERAM®). The process 
pressure was 5x10-3 mbar and the sputter power was 400 W. The deposition rate o f the films 
was 100-150 nm/min sputtering. Coatings with three different thicknesses were prepared:
1. thickness 0.1 |im  (CaP-0.1)
2. thickness 1 |im  (CaP-1)
3. thickness 4 |im  (CaP-4)
H alf o f the specimens were subjected to an additional heat treatment for 2 hours at 500°C. 
Before and after annealing, coatings were characterized:
- The crystallographic structure o f each film was determined by X-ray diffraction 
(XRD) using a Philips vertical 0 - 2 0  diffractometer and Philips horizontal 
diffractometer, rebuilt for thin-film diffractometer using a CuK a -radiation.
- The infrared spectra o f the films on the substrates were obtained by reflection Fourier 
transform infrared spectroscopy (FTIR)(Perkin-Elmer).
- The surface topology o f the films was examined using scanning electron microscopy 
(SEM).
- The elemental composition o f the films was determined with an energy dispersive 
spectroscopy (EDS).
These analyses showed that the as-deposited coating had an amorphous structure and that heat 
treatment resulted in an amorphous-crystalline apatite structure for the CaP-1 and CaP-4 
coatings, while the heat-treated CaP-0.1 coatings had a well-crystallized structure without 
hardly no amorphous phase. Further, annealing o f the CaP-1 and CaP-4 coatings resulted in 
the appearance o f some cracks. This phenomena could not be confirmed for the CaP-0.1 
coating, due to its very small thickness. The elemental composition o f the coatings showed 
that the Ca-P ratio varied between 1.8-2.0.
Dissolution assay.
All coated specimens were incubated in 4 ml Simulated Body Fluid buffer (SBF) with a pH 
o f 7.2 at 37°C for 4 weeks (Tabel 1). The experiment was performed in triplicate. A t time 
periods, 1, 2, 3 and 4 weeks, the SBF buffer solution was refreshed. For each sample, the Ca
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Table 1 : Simulated Body Fluid (SBF)
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Na+ K+ Ca2+ Mg2+ Cl- (HCO3)- (HPO4)2- (SO4)2-
142.9 mM 5.0 mM 2.5 mM 1.5 mM 147.8 mM 4.2 mM 1.0 mM 0.5 mM
Buffered with tris(hydroxymethyl) aminomethane (50 mM); set at pH 7.2 with 1.0N hydrochloric acid (Li 
1993).
and P concentration in the solutions was determined in triplicate, respectively by flame 
atomic absorption spectrometry (Varian model AAS 300) and spectrophotometer (Vitatron)
At the end o f the experiment, coated samples were retrieved out o f the SBF solution. After 
rinsing in aqua dest and drying at room temperature, the specimens were characterized by 
XRD, FTIR, SEM and EDS.
Scratch testing.
Scratch testing was performed using a Revetest Automatic Scratch Tester (Centre Suisse 
d ’Electronique et de Microtechnique) with a Rockwell C diamond stylus (conical angle, 120°; 
hemispherical tip o f 200 ^m). A scratch was performed under linearly increasing load from 1­
30 N  and with a specimen transversal rate at 10 mm/min. The mode o f coating loss was 
studied in all cases by reflected light microscopy. The critical load was taken as the onset of 
coating loss whether by flaking or by massive loss in the scratch channel.
Results. 
Physicochemical analysis.
Figure 1 and 2 show the calcium and phosphate concentration o f the different calcium 
phosphate coatings in SBF buffer during the 4 weeks incubation period.
For the amorphous coatings, we observed that the CaP-0.1 coatings dissolved completely 
within 2 weeks o f incubation. The CaP-1 coating showed an increase o f Ca and P 
concentration up to 3 week incubation, then the Ca and P concentration started to decreased. 
Finally, for the CaP-4 coatings only increase o f Ca and P concentration was found during the 
incubation period.
In contrast with the amorphous specimens, all heat-treated coatings dissolved only slightly 
within the first week. Then the Ca and P concentrations decreased and stabilized around the 
ion-concentration o f the SBF dissolution.
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1. Graph sowing the calcium release of various magnetron sputtered Ca-P coatings in Gomori's
solution with pH 7.2 at 37°C. ( CaP-0.1, CaP-1, CaP-4, and an additional heat treatment for 2 
hours at 500°C.)
Figure 2. Graph sowing the phosphate release of various magnetron sputtered Ca-P coatings in
Gomori's solution with pH 7.2 at 37°C. ( CaP-0.1, CaP-1, CaP-4, and an additional heat 
treatment for 2 hours at 500°C.)
XRD measurements confirmed that after 4 weeks incubation the amorphous CaP-0.1 and 
CaP-1 coatings had disappeared and that only the CaP-4 could be detected (figure 3).
XRD evaluation o f the heat-treated coatings confirmed still their presence after 4 weeks of 
incubation. In addition, the appearance o f these patterns was not changed compared with 
preincubation (figure 4, 5 and 6).
FTIR spectra demonstrated that also the amorphous CaP-0.1 and CaP-1 coatings had 
disappeared. The amorphous CaP-4 coatings showed, similar to the as-sputtered coatings, still 
the presence o f broad phosphate bonds in the regions at 1000 and 600 cm-1 (figure 7). The 
same was true for the heat-treated samples, on all the tested specimens PO-bonds were found 
similar to the as-sputtered coatings (figure 8).
SEM and EDS evaluation agreed with the other measurements. After 4 weeks incubation the 
amorphous CaP-4 coatings showed signs o f surface dissolution, besides a gradual decrease in 
thickness also locations with a more severe dissolution (figure 9). As demonstrated by EDS, 
the amorphous CaP-0.1 and CaP-1 coatings were completely disappeared at 4 weeks. All 
heat-treated coatings appeared to be present even after 4 weeks of incubation. Occasionally, 
these coatings showed signs of local dissolution and at these sites a granular precipitate was 
deposited (figure 10). EDS examination revealed that the Ca/P ratio o f this precipitate varied 
between 1.6 -1.75. Further, we observed that the heat-treated coatings still had the same 
crackled surface appearance as before the incubation (figure 11).
Scratch testing.
The results o f the scratch test performed on the coated samples are presented in Table 2. The 
critical load (Lc) represents the mean value o f three scratches for the cohesive failure 
(spallation) o f the Ca-P coatings. Statistical testing o f the results, using a one-way analysis of 
variance (ANOVA) and a multiple Tukey comparison procedure, showed a significant 
difference (p<0.05) for the amorphous Ca-P coatings compared to all heat-treated Ca-P 
coatings. Further, using a simple linear regression test, proved the existence o f a strong 
correlation (r=0.97 for the amorphous coatings, and r=0.99 for the heat-treated coatings) 
between the coating thickness and critical load.
LM  evaluation of the amorphous coatings showed only cohesive failure with cracks leading 
to adhesion failure with spallation on either side of the scratch trace (figure 12). Further 
increase of the load resulted in total delamination of the coating. All the heat-treated coatings 
demonstrated cohesive and adhesive failure at lower loads.
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Figure 3. An X-ray diffraction pattern o f amorphous CaP-4 coating after 4 weeks 
incubation.
Figure 4. An X-ray diffraction pattern o f heat-treated CaP-4 coating after 4 weeks 
incubation, showing an amorphous/crystalline structure.
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Figure 5. A thin film X-ray diffraction pattern o f a CaP-0.1 coating showing an 
amorphous/crystalline structure.
structure.
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Figure 6 . A thin film X-ray diffraction pattern o f a CaP-1 coating showing an 
amorphous/crystalline structure.
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Figure 7. Fourier transform infrared spectrum of the amorphous CaP-4 coating after 4 
weeks o f incubation.
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Figure 8 . Fourier transform infrared spectrum of the heat-treated specimens after 4 
weeks o f incubation.
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Figure 9. Scanning electron micrograph o f an amorphous CaP-4 coating after 4 weeks 
incubation. The coated surface showed some surface dissolution.
Figure 10. Scanning electron micrograph of a heat-treated CaP-0.1 coating after 4 week incubation. The 
coated surface showed signs of local dissolution and a granular Ca-P precipitate was formed.
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Figure 11. Scanning electron micrograph o f a heat-treated CaP-1 coating after 4 week 
incubation. The coated surface showed in addition to the deposition o f a 
precipitate the formation o f some cracks, due to the heat treatment procedure.
Figure 12. Optical light microscope view of a scratch test performed on an amorphous CaP-4 coating and 
showed only cohesive failure with cracks leading to adhesive failure with spallation on either 
side of the scratch trace.
Table 2 : Critical load values for Ca-P coatings with different thickness
112 Chapter 7
and an additional heat treatment for 2 hours at 500°C.
Coating
thickness
(|im)
Critical load 
Lc (N)
Std.Dev
(N)
CaP-0.1 1 1570 46
CaP-0.1 (HT) 1 1377 45
CaP-1 10 1203 45
CaP-1 (HT) 10 1050 50
CaP-4 40 637 127
CaP-4 (HT) 40 160 56
Discussion and Conclusions.
Our observation, that the dissolution o f Ca-P coatings is partly determined by the crystallinity 
o f the deposited coating, agrees with earlier findings using the same medium (Li 1993, W olke 
1997). W e noticed a complete dissolution o f the amorphous CaP-0.1 and CaP-1 coatings 
within 4 weeks o f incubation, while the amorphous CaP-4 coating showed signs o f gradual 
surface dissolution. All heat-treated sputter coatings appeared to be stable under the test 
conditions and always a Ca-P precipitate was deposited on the coating surface. This 
difference in dissolution behavior is due to the partial dissolution o f the amorphous phase in 
the heat-treated sputter coatings. The resulting increase in the local concentrations o f calcium 
and phosphate ions will facilitate the precipitation o f a stable calcium phosphate phase, which 
incorporates other ions (carbonate, magnesium etc.) and organic macromolecule from the 
biological fluids17. Further, we suppose that for amorphous coatings the driving force in the 
release o f Ca2+ and PO43- ions is too fast. This prevents the formation o f a Ca-P precipitate, 
since it is impossible to deposit apatite from the SBF buffer without any chemical 
stimulation. W hen apatite nuclei are formed on the coating surface, they grow further 
spontaneously feeded by calcium and phosphate from the SBF buffer.
Apparently, the dissolution study confirmed the suitability o f SBF fluids, supersaturated with 
respect to calcium and phosphate, for the in  vitro  examination o f Ca-P coatings. Especially, 
because, our previous experiments in Gomori’s buffer showed that heat-treated Ca-P coating 
dissolved gradually after incubation within 12 weeks, without the formation o f a precipitate 
(Wolke 1994). Still, we have to emphasize that extrapolation o f these in  vitro  results to the in  
vivo  behavior always remains tricky (Dhert 1991, Klein 1991).
XRD analysis demonstrated that a heat treatment o f the amorphous CaP-0.1 changed their 
structure to a crystalline apatite structure, while the CaP-1 an CaP-4 coatings changed in an 
amorphous/crystalline structure. Also, SEM inspection demonstrated that annealing o f the 
coatings resulted in the appearance o f some cracks. W e know that during heat treatm ent the 
grains are growing and the residual film stress increases, which in turn causes the formation 
o f very small cracks in the coating. It can be suggested that the differences in thermal 
contraction between Ca-P coating and substrate may also contribute to stresses. The 
coefficients o f thermal expansion are 11.6 x 10-6 K-1 for HA and 8.5 x 10-6 K-1 for Ti. Because 
the thermal contraction is larger for HA than for Ti, tensile stresses will be generated in the 
Ca-P coating. This observation is in contrast with our earlier findings with heat-treated Ca-P 
coatings (Wolke 1997). Then, we found that annealing for 1 hour at 650°C o f amorphous 
deposited coating resulted in a stress free crystalline film, without the formation o f very small 
cracks. Several explanations can be given for this discrepancy in results. The main difference 
is that these coatings were deposited on glass-beaded Ti-6Al-4V bars using a sputter power of 
700 W. It is well know that precoating treatment, like shot peening, grit- and glass-bead 
blasting, reduce fatigue strength o f titanium substrates. For instance glass-bead blasting 
produces a small level o f compressive residual surface stress that benefits fatigue strength of 
Ti-6V-4Al (Eberhardt 1995). It can be supposed that difference in precoating surface 
treatment will affect the final residual film stress. Further, it has to be noticed that discs 
manufactured of rod-material behave different compared with plate-material subjected to a 
heat treatment.
Our scratch data demonstrated the existence o f a linear correlation between the critical load 
Lc and the coating thickness. Evidently, the critical load for the Ca-P sputtered coatings 
decreases with the coating thickness. This is in accordance with several other investigators, 
who observed a decreased load with increasing coating thickness (Burnett 1988, Pawel 1988, 
Julia-Schmutz 1991). Therefore, scratch testing appears to be a quick and efficient way to 
obtain information on the dominating damage mechanism o f sputtered Ca-P coating. Still, we 
have to stress that this test does not provide the “true interfacial adhesion strength”, because 
the measurement is also dependent on coating and substrate properties. This information can 
probably only be obtained by more sophistaticated methods, like laser spallation.
In summary, we conclude that, both from a dissolution and adhesion point o f view, already a 
0.1 |im  heat-treated Ca-P sputter coating appears to be o f sufficient thickness to be used for 
implant purposes
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Subperiosteal implantation of various RF magnetron 
sputtered Ca-P coatings in the goat
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Introduction.
The efficacy o f calcium phosphate (Ca-P) ceramics to improve the bone bonding properties of 
medical and dental implants has been described in various publications (Klein 1991, Dhert 
1993, de Groot 1994, Caulier 1995, Frayssinet 1995). Still, the exact mechanism o f how the 
cellular/tissue response is favored, is not completely understood. This lack o f knowledge will 
finally hamper the safe predictive clinical application o f this material. Therefore, research 
efforts in this area should have a high priority.
To fill in the basic understanding o f the possible mechanisms underlying bone/calcium 
phosphate reactions, we make use o f an RF magnetron sputter coating technique (Jansen 
1993, W olke 1994, van Dijk 1995). This method allows: (1) the exclusion o f other substrate 
parameters, like surface (micro) topography as additional experimental factor, and (2) the 
inclusion o f additional substrate parameters, which have only to do with the structure or 
composition o f calcium phosphate ceramic.
Previous experiments in our laboratory showed that the sputter deposited films had a uniform 
and dense structure, especially on complex implant materials. In a cell culture experiment, we 
demonstrated that magnetron sputtered Ca-P coatings can indeed stimulate extracellular 
matrix (ECM) and induce apatite formation (H ulshoff 1995-1997). A study, in which coated 
implants were inserted subcutaneously in the back o f rabbits, demonstrated that the in  vivo  
dissolution behavior o f sputter coatings is determined by their degree o f crystallinity (Wolke 
1997). This experiment also revealed that already 0.1 |im thick heat-treated Ca-P sputter 
coating is o f sufficient thickness to induce carbonate deposition. Despite these favorable 
results, still the question arises whether the performed experiments are o f any relevance for 
the in  vivo bone situation.
Besides bone cell cultures also a calvarial envelope technique is described to investigate bone 
formation on biomaterials (Paul 1975, Jones 1977, Davies 1987). In an organ culture the 
architecture o f the original tissue is maintained better and the further development is such as 
occurs in  vivo. Still, this approach appears to be superfluous in biomaterials evaluation, since 
a subperiosteal envelope technique can also be easily designed in  vivo. The advantage is than, 
that such a model approximates the final situation much more realistic. In addition, it 
provides the opportunity o f a thorough in  vivo physicochemical analysis o f implant samples. 
Therefore, the objective o f the present study was to investigate the initial events around 
magnetron sputtered Ca-P coatings using a subperiosteal in  vivo  approach.
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Materials and Methods.
Implant materials.
For the experiments commercially pure titanium discs with a diameter o f 8 mm and thickness 
o f 1 mm were used. The discs were left uncoated (Ti-un) or provided with the following coa­
tings:
- Ca-P coating, with thickness o f 0.1 |im  (CaP-0.1).
- Ca-P coating, with thickness o f 2 |im  (CaP-2).
The coating procedure was performed using a commercially available RF magnetron sputter 
unit (Edwards ESM  100). The target material used in the deposition process was a copper 
disc provided with a plasma-sprayed hydroxylapatite coating (CAMCERAM®). The process 
pressure was 5 x 10-3 mbar and the sputter power was 400 W. The deposition rate o f the films 
was 100-150 nm/min sputtering. After deposition, all coated specimens were subjected to an 
additional heat treatment for 2 hours at 500°C. X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR) and energy dispersive spectroscopical (EDS) analysis showed 
that this resulted in an amorphous-crystalline apatite structure of the coatings with a Ca-P 
ratio o f 1.8-2.0.
In total 36 discs were prepared: 12 Ti-un, 12 CaP-0.1 and 12 CaP-2.
Animal model and implantation procedure.
After sterilization the discs were placed subperiosteal into the left and right tibia o f 3 healthy 
adult female Saane goats, with an average of 30 months and a weight o f 50-80 kg. The 
animals were kept in quarantine for at least 4 weeks, and tested for CAE/CL- arthritis.
Surgery was performed under general anaesthesia, induced by intravenous pentobarbital (25 
mg/kg/animal) and atropine (0.5 mg/animal). After oro-tracheal intubation, anaesthesia was 
maintained by ethrane 2-3% through a constant volume ventilator.
For the insertion o f the implants, the animal was immobilized on its back and the hind limbs 
were shaved, washed and disinfected with povidone-iodine. A longitudinal incision was made 
on the medial surface o f the left and right tibia. After exposure o f the periosteum, three small 
incision were created onto the bone surface. The periosteum was elevated from the 
underlying bone surface by blunt dissection with a raspatory. Subsequently, the implants were 
inserted into these pockets w ith the coating side against the periosteum. Finally, the wounds 
were closed using resorbable Vicryl 2-0 sutures.
The implants were placed in two surgical sessions with an interval o f two weeks. During the 
first surgery, implants were placed in one tibia in a distal locations and in the other in the 
frontal location (figure 1). In the second session always the opposite locations were chosen.
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Figure 1. Schematic view of the implantation model.
Consequently, at the end o f the experiment in each goat, 12 discs were present, 6 in the left 
and 6 in the right tibia. The position o f the various implants into the tibia was based on the 
method o f Latin squares. One week after the second surgical session, the animals were killed 
resulting in implantation periods o f 1 and 3 weeks.
To reduce the perioperative infection risk, prophilactic antibiotic (Terramicine®) was 
administered postoperatively by a subcutaneous injection.
Histological and physicochemical procedures.
At end o f the implantation the animals were sacrificed by injecting an overdose of 
pentobarbitalsodium (Nembutal®).
After killing the animals, the tibia with surrounding tissue were excised and the excess tissue 
was removed immediately. Then, the retrieved tibia were divided in smaller specimens 
suitable for histological processing, using a diamond saw. Each sample contained the bone 
tissue, implant as well as the covering periosteum. Subsequently, o f one goat all obtained 
specimens were dehydrated by alcohol series and embedded in methylmetacrylate (MMA). 
After polymerization, five non-decal cified thin (10 |im) sections were prepared using a 
modified diamond blade sawing microtome technique. The sections were made in a
transverse direction perpendicular to the axis o f the implant. These sections were stained with 
methylene blue and basic fuchsine and examined with a light microscope. Finally, the 
remaining part o f each tissue block was polished, ultrasonically cleaned with 100% 
aethylalcohol for 5 min. and carbon coated for scanning electron microscopical (SEM), back 
scanning electron microscopical (BSEM) and EDS evaluation.
The samples from the other two goats were prepared in a different way. First, we retrieved the 
discs out o f their subperiosteal pocket. Subsequently, the discs as well as the surrounding 
bone/periosteum specimens were dehydrated. Finally, both discs and the periosteal tissue, that 
had been in contact with the discs surfaces, were examined by XRD, FTIR, SEM and EDS.
Results. 
Characterization of the specimens after retrieval.
In all cases healing was uneventful. The experimental animals appeared to be in good health 
throughout the test period and showed no wound complications. A t the time o f the sacrifice 
the surgical sites showed no macroscopical signs o f infections.
Histological description.
At one week after implantation, all specimens were covered by the periosteum. Below the 
periosteum a well-vascularized thin collagen matrix was formed (figure 2). This matrix was 
about 0.2 mm thick. Further, we noticed that on all the substrates an additional acellular 
interfacial layer was present (figure 3). In the interface disc/tibia and around the discs initial 
signs o f callus formation were observed.
Three weeks after implantation, the appearance o f the sections was almost similar. All discs 
were covered by the periosteum. Around all specimens, the collagen matrix had matured and 
the acellular interfacial layer was still present. Callus formation had proceeded. The callus did 
bridge not only the interface between disc and tibia, but surrounded also the sides o f the discs 
(figure 4). No bone formation was observed on top o f the discs.
Physicochemical analysis.
SEM analysis o f the cross-sectional specimens revealed that after 3 weeks o f implantation, a 
substantial thickness o f all deposited coatings was still maintained. The acellular layer 
between capsule and disc surface could also easily discerned. This layer appeared to have a 
thickness o f about 2-3 |im  (figure 5).
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Figure 2. A light microscopical section of a coated specimen after one week of implantation. This
specimen is covered by the periosteum and below the periosteum a well-vascularized thin 
collagen matrix is formed (bar=0.625mm).
Figure 3. Higher magnification of a light microscopical section of a coated specimen after one week of 
implantation. The substrates is coverd by an additional acellular interfacial layer (bar=25^m).
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Figure 4. A light microscopical section of a coated specimen after three weeks of implantation. The disc
is surrounded with callas formation (orginal at x25).
Figure 5. Scanning electron micrograph of the cross-sectional CaP-2 coating after 3 weeks of
implantation. The substantial thickness of the deposited coating is still maintained and an
acellular layer is present with a thickness of about 2-3 ^m. ( T=titanium, C=coating and 
A=acellular layer).
EDS examination showed that the Ca/P ratio o f the coatings was unchanged and varied 
between 1.8-2.0. This analysis also showed that the additional acellular layer on the CaP-0.1 
discs consisted o f C, Ca and P ions, with a Ca-P ratio o f 7.0-8.0. For the CaP-2 samples C, 
Ca, P and S ions were detected in this layer. Calculation revealed that on these samples the 
Ca/P in the acellular layer was between 1.8-2.0. Finally, on the titanium discs only C was 
recognized.
SEM evaluation o f the retrieved discs demonstrated that after 1 week all specimens were 
partially covered with a multilayer o f cells. Under this layer a network o f randomly oriented 
collagen fibers appeared to be attached to the discs (figure 6). After 3 weeks o f implantation, 
this multilayer o f cells and collagen fibers was not observed. The presence o f the 0.1 |im 
thick coating could not proven by SEM. On the other hand, we noticed that after 1 and 3 
weeks the CaP-2 coatings showed some signs o f surface erosion (figure 7). Occasionally, 
even some fragments o f these coatings were detached. On none o f the samples, early signs of 
bone formation, as characterized by the presence o f globular accretions, could be detected. 
The presence o f such accretions could also not be confirmed by SEM inspections o f the 
retrieved periosteal tissue, which had surrounded the discs.
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Figure 6. Scanning electron micrograph of the retrieved disc after 1 week of implantation. The surface
was partially covered with a multilayer of cells. Under this layer a network of randomly 
oriented collagen fibres appeared to be attached to the discs.
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Figure 7. Scanning electron micrograph of a CaP-2 coating after 1 week of implantation. The coated
surface showed some signs of erosion.
XRD o f the regained discs revealed that already one week after implantation the amorphous 
phase o f the CaP-2 coating had disappeared (figure 8). Thin film XRD demonstrated that 
after 3 weeks o f implantation the CaP-0.1 coating was still present. In addition, to the 
titanium substrate reflection at 36.1 ° 2-Theta, as observed in the XRD pattern, also reflection 
peaks of TiO2 at 27.6 and 36.2° 2-Theta appeared (figure 9).
Finally, compared with the original spectra, FTIR analysis o f the retrieved discs showed the 
additional presence o f carbonate apatite peaks (CO3-AP) at 1450 and 1404 cm-1. These CO3- 
AP peaks were associated with an organic phase (NH2-groups) at 1640 and 1540 cm-1. The 
CaP-2 samples showed besides these additional CO3-AP and NH2 peaks, also the presence of 
the OH peaks at 3570 and 630 cm-1. On the titanium discs only the presence o f NH2-groups 
could be detected (figure 10).
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Figure 9. A thin film X-ray diffraction pattern of a CaP-0.1 coating showing besides the apatite 
reflections also two reflection peaks of TiO2.
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Figure 10. Fourier transform infrared spectrum of the specimens after three week of 
implantation.
Discussion and Conclusions.
This study clearly demonstrated the suitability o f the subperiosteal implant model to 
investigate the in  vivo properties o f thin calcium phosphate coatings. This approach did allow 
the use o f histological preparation techniques, as well as various physicochemical analytical 
methods. Considering the results, morphological observation demonstrated the formation of a 
fibrillar collagenous matrix on the coated as well as non-coated samples. In this study, no 
mineralization o f this matrix was seen. Also, on all samples acellular material was located 
between the collagen fibrils and implant surface. The EDS and FTIR data indicated a 
proteinaceous nature o f this layer. Yet, the composition varied for the different materials. On 
non-coated titanium, this layer represented an accumulation o f glycoaminoglycans (GAGs). 
On CaP-0.1, this concentration o f GAGs was mixed with calcium and phosphate ions. While, 
on the CaP-2 discs, this structure was composed o f sulphated GAGs together with Ca and P 
ions (McKee 1993, Stryers 1995).
Apparently, the detected Ca and P is due to the underlying Ca-P sputter coating. The driving 
force in this mechanism is the partial dissolution o f the amorphous phase in the heat-treated 
sputter coatings. This causes an increase in the local concentrations o f calcium and phosphate 
ions, which will facilitate the precipitation o f a stable calcium phosphate phase. During this
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process other ions and organic macromolecule from the biological fluids will be incorporated. 
Considering the regular events in wound healing processes, it can even be hypothesized that 
these organic macromolecule are absorbed first on the implant surface. This is followed by 
the dissolution/precipitation o f Ca and P, which finally results in the formation o f C03-Ap. At 
the same time, the cells proceed with the production o f collagen fibrils. This hypothesis 
corresponds with several other studies, that already described the occurrence o f an electron­
dense cellular amorphous bounding zone between implant and surrounding bone. This zone 
contained no collagen and varied in width from 5 |im  to almost 0 nm (Jarcho 1981, LeGeros 
1991, Bagambisa 1993, de Bruijn 1995). In view o f this, we also have to emphasize, that 
Hasegawa (1994) proved that the nature and conformational state o f the offered proteinaceous 
layer are important for the nodule production and osteocalcin secretion o f osteoblast-like 
cells.
Unfortunately, our study did not demonstrate signs o f matrix mineralization, as e.g. 
characterized by the presence o f individual Ca-P globules. Still, we have to notice that our 
findings are in contrast with Davies (1987), who used a calvarial envelope technique. He 
observed already the formation o f mineralized matrix on titanium discs after 12 days. 
Probably, our experimental periods were too short and due a naturally ocurring to wound 
healing phenomena this mineralization process starts after longer implantation times. This is 
supported by the detection o f sulphated GAGs on CaP-2 specimens. Sulphated GAGs, like 
osteocalcin, osteopontin and bone sialoprotein, are associated with the mineralization events 
in bone tissue (Davies 1988, Schwartz 1993).
Another question which arises is, why the proteinaceous component o f the acellular layer 
differed between CaP-2 and CaP-0.1 specimens. Characterization by XRD, FTIR and EDS 
did not show compositional differences between the 0.1 and 2.0 |im  coatings. Nevertheless, 
the use o f these “rough” analytical methods cannot completely exclude the existence o f very 
small, but perhaps still biologically relevant differences in coating composition or structure. 
This is for example confirmed by van Dijk (1997) in studies where the influence o f various 
sputter parameters on coating properties is investigated by more sophisticated techniques like 
Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil Detection (ERD). In 
addition to these findings, H ulshoff (1997) demonstrated recently that variation in Ca-P ratio 
o f sputtered Ca-P films can have a direct influence on the production o f mineralized ECM. 
Therefore, we suppose that small structural differences are responsible for the presence of 
sulphate groups on 2.0 |im Ca-P coatings. This suggestion is supported by the finding that the 
acellular layer on the CaP-0.1 discs contained much more calcium than the CaP-2 coatings. 
As SEM inspection revealed that after 3 weeks still both coatings were almost completely 
maintained, this last observation indicates on a different superficial dissolution behavior
between the two coatings. Further, we have to stress that this finding also indicates the need 
o f an extensive characterization o f Ca-P layer as deposited by thin film technology.
The results o f the XRD measurements also showed that during the heat treatment the 
thickness o f the TiO2 layer increased. This increase is not considered to be a disadvantage for 
the long term bone response. Recently, it was reported that such a growth o f the titanium 
oxide film also occurs in  vivo  and enhances the bonding to bone tissue (Kitsugi 1996, Pan
1996).
In summary, we can conclude that the described experimental model opens new ways to 
investigate the tissue-biomaterials response, even at the interfacial level.
Subperiosteal implantation of RF magnetron sputtered Ca-P coatings 1 2 7
Acknowledgement.
This study is supported by the Dutch Technology Foundation (STW) and the authors wish to 
acknowledge mr. W. Molleman (Laboratory for Crystallography, University o f Amsterdam, 
The Netherlands) for the thin film X-ray diffraction.
REFERENCES.
- F.B. Bagambisa, U. Joos, W. Schilli, "Mechanisms and structure of the bond between bone and 
hydroxyapatite ceramics," J. Biomed. Mater. Res., 27, 1047- 1055 (1993).
- J.D. de Bruijn, J.E. Davies, C.A. van Blitterswijk, “Initial bone matrix formation at the hydroxyapatiet 
interface in vivo,” J. Biomed. Mater. Res., 29, 88- 99 (1995).
- H. Caulier, J.P.C.M. van der Waerden, Y.C.G.J. Paquay, J.G.C. Wolke, W. Kalk, I. Naert, J.A. Jansen, 
"Effect of calcium phosphate (Ca-P) coatings on trabecular bone response: A histological study," 
J.Biomed. Mater.Res, 29, 1061-1069 (1995).
- J.E. Davies and T. Matsuda, “Extracellular matrix production by osteoblasts on bioactive substrata: in 
vitro,” Scan. Micr., 2, 1444-1452 (1988).
- J.E. Davies, S.F. Tarrant, T. Matsuda,“Interaction between primary bone cell cultures and biomaterials. 
Part 1: The in vitro and in vivo stage,” in Biomaterials and clinical applications. A. Pizzoferato, P.G. 
Marchetti, A. Ravaglioli and A.J.C. Lee (eds.), Elsevier Science Publishers, Amsterdam, 579-584 
(1987).
- W.J.A. Dhert, C.P.A.T. Klein , J.A. Jansen, E.A. van der Velde, R.C. Vriesde, K. de Groot, P.M. 
Rozing, "A histological and histomorphometrical investigation of fluorapatite, magnesium-whitlocktite 
and hydroxylapatite plasma-sprayed coatings in goats," J. Biomed. Mater.Res, 27, 127-138 (1993).
- K. van Dijk, H.G. Schaeken, J.G.C. Wolke, C.H.M. Maree, F.H.P.M. Habraken, J. Verhoeven, J.A. 
Jansen, "Influence of dicharge power level on the properties of hydroxyapatite films deposited on 
Ti6Al4V with RF magnetron sputtering," J. Biomed. Mater. Res, 29, 269-276 (1995).
- K. van Dijk,Thesis, University of Nijmegen, Nijmegen, The Netherlands, 1997
- P. Frayssinet, D. Hardy, J.S. Hanker, B.L. Giammara, "Natural history of bone response to 
hydroxyapatite-coated hip protheses implanted in humans," Cells and Mater, 2, 125-138, (1995).
- K. de Groot, J.G.C. Wolke, J.A. Jansen, "State of the art: Hydroxlapatite coatings for dental implants," 
J. Oral. Impl., 3, 201-213 (1994).
- T. Hasegawa, H. Oguchi, M. Mizuno, and Y. Kuboki, “The effect of the extracellular matrix on 
differentiation of bone marrow stromal cells to osteoblasts,” Jpn.J.Oral.Biol, 36, 383-394 (1994).
- J.E.G. Hulshoff, K. van Dijk, J.P.C.M. van der Waerden, J.G.C. Wolke, L.A. Ginsel, J.A. Jansen, 
"Biological evaluation of the effect of magnetron sputtered Ca/P coatings on osteoblast-like cells in
128 Chapter 8
vitro," J. Biomed. Mater. Res., 29, 967-975 (1995).
J.E.G. Hulshoff, “Oesteocapacity of RF magnetron sputtered Ca-P coatings,” Thesis, University of 
Nijmegen, Nijmegen, The Netherlands, 1997.
J.A. Jansen, J.G.C. Wolke, Swann S., J.P.C.M. van der Waerden, K. de Groot, "Application of 
magnetron sputtering for the producing ceramic coatings on implant materials," Clin. Oral. Impl. Res,
4, 28-34 (1993).
M. Jarcho, “Calcium-phosphate ceramics as hard tissue prosthetics,” Clin. Orthop. Relat. Res., 
157,259-278 (1981)
5.J. Jones, A. Boyde, “The migration of osteoblasts,” Cell Tissue Res., 184, 179-193 (1977)
T. Kitsugi, T. Nakamura, M. Oka, W. Yan, T. Goto, T. Shibuya, T. Kokubo, S. Miyaji, “Bone bonding 
behavior of titanium and its alloys when coated with titanium oxide (TiO2) and titanium silicate 
(Ti5Si3),” J. Biomed. Mater.Res, 32, 149-156 (1996).
C.P.A.T. Klein, P. Patka, H.B.M. van der Lubbe, J.G.C. Wolke, K. de Groot, "Plasma-sprayed 
coatings of tetra-calciumphosphate, hydroxylapatite anda-TCP on titanium alloy: an interface study," 
J.Biomed. Mater.Res, 25, 53-65 (1991).
R.Z. LeGeros, I. Orly, M. Gregoire, G. Daculsi, "Substrate surface dissolution and interfacial 
biological mineralization," The bone-biomaterial interface, ed. J.E. Davies, University of Toronto, 
Toronto, 76-88 (1991).
M.D. McKee, and A. Nanci, “Ultrastructural, cytochemical and immunocytochemical studies on bone 
and its interfaces,” Cells and Mater, 3, 219-243, (1993).
J. Pan, D. Thierry, C. Leygraf, “Hydrogen peroxide toward enhanced oxide growth on titanium in PBS 
solution: Blue coloration and clinical relevance,” J. Biomed. Mater.Res., 30, 393-402 (1996).
J. Paul, “Special techniques, Part 3: Primary explantation techniques. Organ and embryo culture,” in 
Cell and tissue culture. Chruchill Livingstone Inc., New York, 200-218 (1975)
Z. Schwartz, G. Braun, D. Kohavi, B. Brooks, D. Amir, J. Sela, and B. Boyan, “Effects of 
hydroxyapatite implants on primary mineralization during rat tibial healing: Biochemical and 
morphometric analyses,” J. Biomed. Mater.Res., 27, 1029-11038 (1993).
J.Stryers, Biochemistry, 4th edition, W.H. Freeman and Company, New York, (1995).
J.G.C. Wolke, K. van Dijk, H.G. Schaeken, K. de Groot, J.A. Jansen, "Study of the surface 
characteristics of magnetron-sputter calcium phosphate coatings," J. Biomed. Mater. Res, 28, 1477­
1484 (1994).
J.G.C. Wolke, K. de Groot, Jansen J.A., "A study to the stability of RF magnetron sputtered 
calciumphosphate coatings under cyclically loaded conditions," Biomaterials, 18, 484-488 (1997).
Chapter 9
General conclusions
130 Chapter 9
Various coatings techniques are available for the production o f calcium phosphate (Ca-P) 
coatings on implants. As, problems have been reported with the most frequently used coating 
method, i.e. plasma spraying, the purpose o f this study was to investigated the feasibility of 
an alternative technique for the deposition o f Ca-P films, RF magnetron sputtering.
Final remarks
Evidently, the results o f the individual studies described in this thesis showed that magnetron 
sputtering is an excellent method for forming a biocompatible ceramic coating onto metallic 
implant material. W e observed that with the RF magnetron sputter method both the chemical 
composition and crystallinity state o f Ca-P coatings can be varied easily, resulting in highly 
reproducible interfaces with biological properties ranging from inert to bioactive. Other 
advantages o f RF magnetron sputtering above other coating processes include the high 
adhesion o f films, the thickness uniformity o f the deposited layers and the ability to coat 
implants with difficult surfaces geometries. However, besides suitability o f the RF magnetron 
sputter technique, perhaps the most important conclusion o f our study is that apparently 0.1 
|im  heat-treated Ca-P sputter coating is already o f sufficient thickness to show bioactive 
properties under in  vitro  and in  vivo conditions by stimulating apatite deposition.
Despite all the above mentioned favorable conclusions, also some remarks about the 
dissolution experiments have to be made. First, we observed that the in  vitro  dissolution 
behavior o f our sputter coatings was determined by the degree o f crystallinity o f the sputter 
coating. This was demonstrated by the gradual dissolution o f the amorphous sputter coatings 
during incubation in various media (chapter 3 and 7). In contrast, the crystalline sputter 
coatings appeared to be the stable under the test conditions and even induced an apatite 
precipitate on the surface. The start o f this precipitation process can be attributed to a local 
supersaturation o f both Ca and P, caused by the dissolution o f these ions from the film. 
However, stoichiometric apatite does no precipitate spontaneously in a solution with a high 
supersaturation. This formation involves precursor phases, like amorphous calcium phosphate 
(ACP), followed by slow compositional changes. In slightly alkaline solutions ACP 
transforms in a few hours to non-stoichiometric apatite or ACP (in the presence o f Mg ions) 
forms first octacalciumphosphate (OCP) followed, by hydrolysis, into apatite. The most 
important driving parameters for this phenomenon, seem to be the temperature and pH o f the 
solution. Further, we have to emphasize that the formation o f this apatite is considered to 
provide the basis of bone regeneration during implant healing. To induce structural changes 
in the deposited Ca-P coatings a heat treatment procedure can be used. But, in our 
experiments we recognized that it is impossible to obtain a 100% uniform crystalline sputter
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coating by annealing in a furnace at 500°C. At this temperature the resulting coating will 
always be amorphous-crystalline. Also a disadvantage o f a furnace heat treatment is, that 
sometimes residual film stresses arise and an increase in the thickness o f the TiO2 layer can 
occur. Although, this last effect is not considered to be a disadvantage for the long term bone 
response (chapter 8).
Second, we again found that in  vitro  results are not necessarily predictive for the in  vivo 
performance. In a cell culture experiment, we demonstrated that magnetron sputtered Ca-P 
coatings can indeed stimulate extracellular matrix and induce apatite formation. In addition, 
no severe degradation o f the amorphous and crystalline coatings was observed. In contrast, an 
in  vivo experiment (chapter 6) proved that the in  vivo dissolution behavior o f sputter coatings 
is determined by their degree o f crystallinity. All amorphous coatings were completely or for 
a greater part disappeared, which was followed by the precipitation o f carbonate apatite. Still, 
the question arises whether this kind o f experiments is o f any relevance for the in  vivo bone 
situation.
The above mentioned observations stress again the importance o f a good in  vivo model to 
investigate the dissolution and degradation properties o f Ca-P coatings. Despite, our 
subperiosteal study did not yet reveal matrix mineralization on the implant specimens, it is 
obvious that this experimental approach opens new ways to investigate the tissue-biomaterial 
response, even at the interfacial level. The advantage is than, that such a model approximates 
the final situation much more realistic. In addition, it provides the opportunity o f a thorough 
in  vivo physicochemical analysis o f implant samples.
Future research
The results o f this study lead to the following recommendations for further research:
First, our knowledge about how bone formation on calcium phosphate ceramics occurs, is at 
best rudimentary. This lack o f knowledge hampers the safe application and further 
development o f biomaterials eliciting predictable and controlled responses as required by 
their application. Therefore, the various processes involved in bone formation should be 
investigated both from a cell biological as well as physicochemical point o f view. The cell 
biological experiments will obtain information about the role o f adhesive proteins and 
extracellular matrix production on the Ca-P surfaces. The physicochemical approach has to 
be focused at the coating/biological tissue interface. In this way, information information will 
be provided about the mechanisms involved in the dissolution o f calcium ions from the 
coating and the relation o f this Ca2+ dissolution to apatite deposition and extracellular matrix 
maturation. For example, it can be supposed that serum proteins and specific growth
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hormones play an important role in this process (Bagambisa 1990, Hjorting-Hansen 1990, 
Stanford 1991). For the characterization o f the sputtered coatings conventional technique 
(X-ray diffraction and Fourier transform infrared spectroscopy), but also advanced surface 
analysis techniques, like X-ray Photonelectron Spectroscopy (XPS), Rutherford 
Backscattering Spectroscopy (RBS), Elastic Recoil Detection (ERD) and Thin-film X-ray 
diffraction (TFXRD) have to be used. Furthermore, we have to stress that the in  vitro  findings 
have to be related to the in  vivo behavior. Perhaps, that our subperiosteal model can be of 
importance in these experiments.
Secondly, conventional heat treatment in an electric furnace suffers from some disadvantages, 
like cracking o f the coating and detachment from the titanium substrate. Recently, rapid 
heating with infrared (IR) radiation is introduced as a suitable heat treatment for thin Ca-P 
coatings. This application decreases the heating time from several hours to few minutes and 
prevents oxidation o f the substrate (Yoshinari 1995, W atanabe 1996). However, more insight 
in the influence o f the various coating parameters, like thickness, density and composition, on 
the final changes, as induced by IR radiation, have to be obtained. These experiments have 
not only to involve the structural changes of the coating. Also on the final adhesion strength 
o f the coating to the underlying substrate has to be determined.
Finally, although we know that besides the contribution o f the Ca-P ceramic also other 
parameters are involved in the final bone response. One o f the most relevant parameters is 
surface (micro) topography. In view o f this, other experiments as done in our laboratory, 
proved already that parallel microgrooved surfaces are able to manipulate fibroblasts (Clark 
1991, von Recum 1995, den Braber 1996). These grooves are assumed to influence not only 
the cell orientation and alignment behavior, but also the secretion and deposition of 
extracellular matrix proteins. Therefore, an other interesting approach is to investigate the 
influence o f microgrooved titanium surfaces in combination with a Ca-P sputter coating on 
the behavior o f bone cells.
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Summary.
Biomaterials are products o f natural or man-made materials which are used to direct, 
supplement, or replace the function o f living tissues. The use o f Ca-P ceramics as biomaterial 
is based on their similarity with the mineral phase as present in bone and teeth. Synthetic 
hydroxylapatite is preferred by its ability to form a direct bond with living bone. 
Unfortunately, a drawback inherent to ceramics (HA) is their brittleness and poor strength, 
limiting their use as implants in loaded situations. To eliminate this problem, it has been 
proposed to use thin coatings o f HA on metallic substrates, which combines the biological 
advantage o f ceramic with the strength o f the metal. Several studies demonstrated that 
plasma-sprayed HA coatings, have an excellent biocompatibility with bone. On the other 
hand, still a controversy exists with respect to the clinical usefulness o f such HA  coatings. 
For example, it has been shown that HA coatings resorb or detach over time, which can 
influence the long-term stability o f the implants. To solve these problems, other alternative 
coating techniques are suggested to produce improved Ca-P coatings.The aim o f this thesis 
was to investigate the use o f radiofrequency (RF) magnetron sputter deposition as a method 
o f applying thin adherent calcium phosphate coatings to titanium implants.
Chapter 2 describes the physicochemical-, mechanical- and biological properties o f plasma- 
sprayed hydroxylapatite (HA) coatings on metal substrates. W e observed that the degree of 
crystallinity o f HA changed, and sometimes dissociation was observed with respect to the 
plasma spray process. However, the plasma spray process hardly altered the crystallographic 
structure. Only a little line broadening was visible. The in  vitro  solubility was dependent on 
the degree o f crystallinity o f the coating. Tensile strength measurements on the strength o f the 
coating-substrate interfaces using various adhesives, revealed a significant difference between 
epoxy resin and methacrylate. The failure mode o f this tensile test was dependent on the 
coating thickness and surface texture (polished versus nonpolished). In animal studies, the 
fixation o f hydroxylapatite plasma spray coated cylinders as well as noncoated Ti-6Al-4V 
cylinders (Ti) in cortical bone was evaluated using push out tests. It appeared that HA-coated 
implants showed higher push-out strengths in the first months than the titanium implants, 
because o f the earlier bone formation against the HA-coating.
In Chapter 3 RF magnetron sputtering was used to produce calcium phosphate coatings on 
metal and plastic substrates. Scanning electron microscopy showed that the deposited films 
had an uniform thickness and a dense columnar structure. Energy dispersive spectrometry 
(EDS), x-ray diffraction (XRD) and atomic absorption spectrometry (AAS) demonstrated that 
the sputtered layer was well-crystallized calcium phosphate ceramic with a Ca/P ratio varying
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between 1.9 and 2.5. The biocompatibility o f the coatings was determined by in vitro and in  
vivo experiments. It was found that the coatings were biocompatible without any sign of 
adverse tissue reaction. On basis o f these findings, we concluded that the advantages o f RF 
sputter-coating over other processes include: ( 1) excellent adhesion, (2) thickness uniformity, 
and (3) ability to coat implants with difficult surface geometries.
In C h ap te r 4, the physicochemical- and dissolution properties o f Ca-P sputter coatings on 
titanium substrates were evaluated in more detail. X-ray diffraction demonstrated that the 
sputtered layer was crystalline with a preferred (00l) crystallographic orientation with the C- 
axis perpendicular on the substrate surface. The crystallinity o f the deposited coatings was 
also influenced by the obtained coating thickness and the use o f a rotating or stationary 
specimen holder. Scanning electron microscopy (SEM) showed that the deposited films had a 
uniform and dense structure. The Ca/P ratio varied between 1.5-2.0, as determined by energy 
dispersive spectrometry. The in vitro  dissolution appeared to be determined by the degree of 
crystallinity o f the coating.
Chapter 5 describes the fatigue behavior o f RF magnetron sputtered Ca-P coatings under 
cyclically loaded conditions. Three point bending tests were performed under dry or wet 
conditions (Simulated Body Fluid). X-ray diffraction demonstrated that the amorphous 
structure after annealing at 650°C changed into a crystalline apatite structure. XRD cos 23 
method demonstrated that the residual film stresses were influenced by the coating 
conditions. The crystalline sputtered coating showed the presence o f compressive stresses. 
Scanning electron microscopy demonstrated that after cyclic loading conditions in air the 
crystalline sputter coated bars showed a partial coating loss. Furthermore, in wet conditions 
(SBF) only the heat-treated sputter coated appeared to be stable. The amorphous coating 
showed only signs o f delamination in the more highly stressed regions, while in less stressed 
areas a Ca-P precipitate was formed. It was concluded that calcium phosphate coatings 
subjected to cyclic loading conditions show an important difference in fatigue behavior when 
tested in either dry or wet conditions.
In Chapter 6  RF magnetron sputter deposition was used to produce 0.1, 1.0 and 4.0 |im  thick 
Ca-P coatings on titanium discs. H alf o f the as-sputtered coated specimens were subjected to 
an additional heat treatment for 2 hours at 500°C. X-ray diffraction demonstrated that 
annealing at 500°C changed the amorphous sputtered coating into an amorphous-crystalline 
apatite structure. Scanning electron microscopical examination o f the sputtered coatings 
revealed that annealing of the 4 |im  thick coatings resulted in the appearance o f a small
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cracks. Subsequently, the discs were implanted subcutaneous into the back o f rabbits. After 1,
4, 8 and 12 weeks o f implantation, the implants were retrieved and subjected to 
physicochemical evaluation. W e found, that until 4 weeks o f implantation all heat-treated 
coatings were still present and all the amorphous coatings were completely or for the greater 
part dissolved. Fourier transform infrared spectroscopy (FTIR) showed the formation of 
carbonate apatite (CO3-AP) on the heat-treated specimens. X-ray diffraction (XRD) analysis 
showed that this CO3-AP precipitate disappeared after 8 weeks o f implantation. On the other 
hand, SEM inspection o f these specimens revealed that the 4 |im  heat-treated coating was still 
partially maintained and that small Ca-P crystals were present on the titanium substrate. On 
basis o f these findings, we conclude that apparently 0.1 |im heat-treated Ca-P sputter coating 
is already o f sufficient thicknesses to stimulate under in vivo conditions carbonate apatite 
deposition.
Chapter 7 describes the in-vitro dissolution and adhesion o f RF magnetron sputtered Ca-P 
coatings with three different thicknesses (0.1, 1 and 4 |im ) on titanium discs. H alf o f the as­
sputtered coatings were subjected to an additional heat treatment for 2 hours at 500°C. X-ray 
diffraction (XRD) demonstrated that annealing at 500°C changed the amorphous 1 and 4 |im 
sputtered coatings into an amorphous-crystalline structure, while the amorphous 0.1 |im 
changed in a crystalline apatite structure. SEM inspection demonstrated that annealing o f the
1 and 4 |im  coatings resulted in the appearance o f some cracks.
The dissolution behavior o f these Ca-P coatings was determined in a simulated body fluid. It 
was found that after 4 weeks incubation the dissolution was determined by the crystallinity of 
the deposited coating. SEM and FTIR evaluation showed that all the heat-treated sputter 
coating appeared to be stable under the test conditions and always a Ca-P precipitate was 
deposited on the coating surface. On the other hand, the amorphous 0.1 and 1 |im  coatings 
dissolved completely within 4 weeks, while the amorphous 4 |im  coating showed only signs 
o f surface dissolution.
Scratch testing demonstrated that there is a linear correlation between the critical load Lc and 
the coating thickness. A heat treatment for the CaP-4 coating resulted in an additional 
decrease o f the critical load.
On basis o f these findings, we conclude that already a 0.1 |im heat-treated Ca-P sputter 
coating is o f sufficient thickness to show in vitro adequate bioactive and adhesive properties.
Chapter 8  describes another in vivo study. The aim o f this study was to obtain more 
information about the initial biological events around RF magnetron sputtered Ca-P coatings. 
Therefore, uncoated and coated discs were inserted subperiosteal into the tibia of a goat. The
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coatings were deposited on commercially pure titanium. The thickness o f the coating was 0.1 
|im  or 2.0 |im. All the as-sputtered coatings were subjected to an additional heat treatment for 
2 hours at 500°C. After 1 and 3 weeks o f implantation the experimental discs were retrieved 
and prepared for histological and physicochemical analysis.
The histological results demonstrated that after both implantation periods, the periosteum 
covered the specimens. In between the periosteum and implant an acellular layer and a 
collagen matrix was observed. Energy dispersive spectrometry revealed that the acellular 
layer consisted o f C, Ca and P ions for the 0.1 |im  thick Ca-P coatings. The 2 |im  thick Ca-P 
coatings also showed the presence o f sulphate ions in this layer. On the titanium discs only 
organic material was found. Further, SEM showed that even after 3 weeks o f implantation 
still an substantial thickness o f both coatings was maintained. Thin film XRD demonstrated 
that after both implantation periods, the CaP-0.1 coating was still present.
FTIR o f the retrieved specimens demonstrated on the coated discs the formation o f additional 
carbonate apatite (CO3-AP) associated with an organic phase (NH2-groups).
On basis o f these findings we conclude that the used experimental approach is very suited to 
investigate the healing process around Ca-P coatings. Further, we demonstrated again that the 
initial interfacial response to Ca-P materials differs from titanium.
In Chapter 9 the final remarks and overall conclusions are made. Expectations for future 
research are formulated.
Chapter 11
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Samenvatting.
Biomaterialen worden gebruikt voor de vervaardiging van orthopedische en tandheelkundige 
implantaten. H et gebruik van calciumfosfaat keramiek als biomateriaal is gebaseerd op de 
overeenkomst met de minerale fase in bot en tanden. Er zijn diverse soorten calciumfosfaat 
keramieken. Hydroxylapatiet verdient de voorkeur, omdat het een direkte binding met bot kan 
vormen. Helaas zijn de mechanische eigenschappen van calciumfosfaat keramiek slecht. 
Calciumfosfaat keramiek is vrij bros en zeer breukgevoelig. Dit beperkt de bruikbaarheid dit 
materiaal in belaste situaties. Een mogelijke oplossing voor dit probleem is gevonden door 
hydroxylapatiet als een coating (deklaag) aan te brengen op een metalen oppervlak middels 
een z.g. plasmaspuit techniek. Op deze wijze worden de biocompatibele eigenschappen van 
keramiek gecombineerd met de gunstige mechanische eigenschappen van metaal. In diverse 
eerdere studies is reeds beschreven dat plasma gespoten hydroxylapatiet coatings een goede 
biocompatibiliteit met bot vertonen. Desondanks bestaat er verdeeldheid tussen diverse 
onderzoekers over de klinische bruikbaarheid van hydroxylapatiet coatings. In studies naar de 
stabiliteit van hydroxylapatiet coatings na implantatie in bot, varieerden de resultaten van 
helemaal geen resorptie o f degradatie van de coating tot een snelle afname in dikte. Verder 
bleek de hydroxylapatiet coating onder belasting los te kunnen breken van het metaal 
oppervlak. Deze nadelen kunnen de biostabiliteit van deze coatings gedurende implantatie 
over langere tijd beïnvloeden. Deze problemen kunnen opgelost worden door alternatieve 
coating technieken te ontwikkelen.
H et doel van dit proefschrift is om het gebruik van een radiofrequent (RF) magnetron sputter 
techniek voor het aanbrengen van dunne calciumfosfaat op titaan implantaten te onderzoeken.
In Hoofdstuk 2 werden de fysisch-chemische-, mechanische- en biologische eigenschappen 
van plasma gespoten hydroxylapatiet coatings op metalen oppervlakken beschreven. W e 
vonden een afname in kristalliniteit en soms ontleding van hydroxylapatiet als gevolg van het 
plasmaspuit proces. Treksterkte-metingen naar de hechting van de coating met het metaal 
oppervlak, uitgevoerd met epoxy en methacrylaat lijmen, lieten een significante verschil in de 
treksterkte tussen de twee lijmsoorten zien. De breuk als gevolg van de trekproef is meestal 
gelokaliseerd op het grensvlak tussen coating en lijmsoort. Afhankelijk van de dikte en de 
oppervlakte textuur ( gepolijst versus ongepolijst) werd de breuk waargenomen tussen 
coating en titaan oppervlak. Het in vitro oplosgedrag van de coatings bleek afhankelijk te zijn 
van de mate van kristalliniteit. Om de fixatie van ongecoate Ti-6Al-4V cilinders en 
hydroxylapatiet plasma-gespoten cilinders in corticaal bot te bestuderen, werd gebruik 
gemaakt van een push-out test. Het bleek dat hydroxylapatiet gecoate implantaten in de eerste 
maanden na implantatie een hogere push-out kracht gaven in vergelijking met ongecoate
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In hoofdstuk 3 werd gebruik gemaakt van de RF magnetron sputter techniek om dunne 
calciumfosfaat coatings aan te brengen op metaal en kunststof oppervlakken. Scanning 
elektronen microscopische (SEM) onderzoek toonde aan dat de gesputterde films een 
uniforme dikte en een dichte struktuur hadden. Verder toonden X-ray diffractie (XRD) en 
energie dispersieve spectrometrische (EDS) metingen aan dat de gecoate laag een kristallijne 
struktuur had met een Ca/P verhouding van 1.9 - 2.5. De biocompatibiliteit van de coatings 
werd met behulp van in vitro  and in vivo experimenten bepaald. Hieruit bleek dat de 
gesputterde coatings biocompatibel zijn. Op basis van deze bevindingen, werd geconcludeerd 
dat de voordelen van RF gesputterde calciumfosfaat coatings ten opzichte van andere coating 
processen zijn: (1) de hechtsterkte, (2) de uniforme laagdikte en (3) de bedekkingsgraad van 
complexe geometrische oppervlakken.
In Hoofdstuk 4 werden de fysisch-chemische eigenschappen en het oplosgedrag van 
calcium-fosfaat gesputterde deklaag nauwkeuriger geëvalueerd. X-ray diffractie metingen 
laten zien dat de gesputterde deklaag bestond uit een kristallijne fase met een 
voorkeursoriëntatie in de (001) richting met de C-as loodrecht op het substraat oppervlak. De 
kristalliniteit van de gesputterde coatings werd ook beïnvloed door de dikte van de coating en 
het gebruik van een draaiende o f stilstaande substraat-houder tijdens het sputterproces. SEM 
en EDS metingen toonden aan dat de gesputterde coatings een uniforme en dichte struktuur 
hadden met een Ca/P verhouding van 1.5 - 2.0. Verder bleek het in vitro  oplosgedrag van 
gesputterde coatings door de mate van kristalliniteit te worden bepaald.
In Hoofdstuk 5 werden vermoeïngsproeven gedaan met RF magnetron gesputterde calcium­
fosfaat coatings bars. De bars werden in een zogenaamde “driepunts-buigproef’ 100.000 maal 
cyclisch belast. Deze proeven werden droog uitgevoerd en in een zoutoplossing gelijkend op 
weefselvocht ( z.g. Simulated Body Fluid). XRD metingen lieten zien dat de amorfe struktuur 
van een draaiend gesputterde calciumfosfaat coating na verhitten op 650°C veranderde in een 
kristallijne apatiet struktuur. Tevens bleek uit metingen volgens de XRD cos 23 methode dat 
deze restspanning in de coating beïnvloed werd door de sputterparameters. In de kristallijn 
gesputterde coating werd de aanwezigheid van drukkrachten gemeten. Bij SEM onderzoek 
was te zien dat na cyclische belasting in droge toestand, kristallijne coatings gedeeltelijk 
loslieten van het onderliggende metaal. Verder bleek dat in vochtige toestand alleen de hitte- 
behandelde gesputter coating stabiel waren. De amorfe gesputterde coating liet delaminatie 
zien in de gebieden met hoge spanningsconcentraties, terwijl in gebieden met lage
titanium implantaten.
144 Chapter 11
spanningsconcentraties een calciumfosfaat neerslag werd gevormd.
Op basis van de resultaten werd geconcludeerd dat calciumfosfaat gesputterde coatings 
cyclische belast in droge o f natte toestand een verschillend vermoeïngsgedrag lieten zien.
In Hoofdstuk 6  werden RF magnetron gesputterde calciumfosfaat coatings met een dikte van 
0.1, 1.0 and 4.0 |im  op titaan plaatjes geproduceerd. De helft van de gesputterde coatings 
werd gedurende 2 uren op 500°C verhit. XRD liet zien dat door deze hitte-behandeling de 
amorfe struktuur van de gesputterde coating veranderde in een amorfe-kristallijne apatiet 
struktuur. SEM van de 4 |im dikke hitte-behandelde coatings toonde aan dat tijdens deze 
nabehandeling scheurtjes in de coating ontstaan. Vervolgens werden de gecoate plaatjes 
onderhuids in de rug van konijnen aangebracht. N a 1, 4, 8 en 12 weken implantatie werden de 
implanten verwijderd en fysisch-chemisch onderzocht. N a 4 weken im plantatie bleken alle 
hitte-behandelde coatings nog aanwezig zijn. Alle amorfe coatings volledig waren volledig 
opgelost. Infrarood onderzoek (FTIR) toonde de vorming van carbonaatapatiet aan op de 
hitte-behandelde implantaten. N a 8 weken implantatie was dit carbonaatapatiet precipitaat 
verdwenen. Verder liet SEM zien dat de 4 |im  dikke hitte-behandelde coating nog 
gedeeltelijk aanwezig was. Als gevolg van de hitte-behandeling waren kleine calciumfosfaat 
kristallen op het metaaloppervlak gevormd. Deze calciumfosfaat kristallen waren goed 
verankerd in het metaaloppervlak. Uit deze bevindingen kan geconcludeerd dat kennelijk een 
0.1 |im dikke hitte-behandelde calciumfosfaat coating voldoende laagdikte heeft om onder in  
vivo conditie carbonaatapatiet depositie te stimuleren.
Hoofdstuk 7 beschrijft het in vitro  oplosgedrag en de hechting van RF magnetron 
gesputterde calciumfosfaat coatings met verschillende laagdiktes (0.1, 1 en 4 |im) op titaan 
schijfjes. De helft van de gesputterde coatings werd gedurende 2 uren op 500°C verhit. XRD 
liet zien dat deze hitte-behandeling de amorfe struktuur van de 1 en 4 |im  dikke gesputterde 
coating veranderde in een amorfe-kristallijne apatiet struktuur. Hitte-behandeling van de 0.1 
|im  dikke amorfe coating leverde een kristallijne struktuur op. SEM van de 1 en 4 |im dikke 
hitte-behandelde coatings liet zien dat tijdens deze nabehandeling scheurtjes ontstonden in de 
coating. Het oplosgedrag van deze calciumfosfaat coatings werd beplaald in “ simulated body 
fluid” . Uit het onderzoek bleek dat het in vitro  oplosgedrag van gesputterde coatings 
afhankelijk was van de kristalliniteit. SEM en FTIR evaluatie lieten zien dat alle hitte- 
behandelde geputterde coatings stabiel waren onder deze testcondities. Er vormde altijd 
calciumfosfaat precipitaat op het coating oppervlak. Daarentegen losten de 0.1 en 1 |im dikke 
amorfe coatings volledig en de 4 |im  dikke amorfe coatings gedeeltelijk op.
De hechting van de verschillende gesputterde coatings werd met behulp van een krastest
bepaald. Bij deze test werd met een diamanten-naald bij toenemende kracht een kras in de 
coating gemaakt. Het losbreken van de coating bij een bepaalde kracht is een maat voor de 
hechtsterkte. Er bleek een lineair verband te bestaan tussen de kritische kracht Lc en de 
coatingdikte. Uit deze bevindingen concluderen wij dat in vitro  een 0.1 |im  dikke hitte- 
behandelde calciumfoasfaat coating reeds voldoende laagdikte heeft met betrekking tot 
bioactieve en adhesieve eigenschappen.
In Hoofdstuk 8 wordt een in vivo experiment beschreven, waarin RF magnetron gesputterde 
gecoate en ongecoate plaatjes onder het tibiale botvlies bij geiten geplaatst werden. De 
laagdikte van de coating bedroeg 0.1 o f 2.0 |im. Alle gesputterde coatings werden gedurende
2 uren op 500°C verhit. N a 1 en 3 weken implantatie werden de implanten verwijderd en 
verder onderzocht. U it de histologische waarnemingen bleek dat alle implantaten door het 
botvlies bedekt waren. Tevens zagen wij dat tussen het botvlies en implantaat een acellulaire 
laag en een collagene matrix bevond. EDS toonde aan dat deze acellulaire laag op de 0.1 |im 
dikke calciumfosfaat coating bestond uit C, Ca en P ionen. Op de 2 |im  dikke coating werden 
ook zwavel ionen in deze laag aangetoond. Daarentegen bevatte de acellulaire laag op de 
ongecoate titaan disks alleen organisch materiaal. SEM lieten zien dat de gesputterde coatings 
na de beide implantatie perioden nog grotendeels aanwezig waren. Verder werd met behulp 
van dunne laag XRD aangetoond dat de 0.1 |im dikke hitte-behandelde coating niet waren 
opgelost. Tevens bleek uit FTIR metingen dat op de gecoate plaatjes een carbonaat apatiet 
neerslag en een organische fase gevormd was.
Hieruit werd geconcludeerd dat een subperiostale implantatie techniek een geschikte methode 
is om het initiële genezingsproces rondom calciumfosfaat coatings te bestuderen en dat deze 
reaktie t.o.v. calciumfosfaat coatings anders is dan t.o.v. titanium.
In Hoofstuk 9 zijn de belangrijkste conclusies van dit proefschrift samengevat en werden er 
suggesties gegeven voor verder onderzoek.
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1D ankw oord.
Dit proefschrift is een resultaat van een samenwerking tussen de afdelingen Biomaterialen 
van de Rijks Universiteit Leiden en de Katholieke Universiteit Nijmegen.
In de eerste plaats wil mijn promotoren Prof. dr. K. de Groot en Prof. dr. J.A. Jansen 
bedanken, zonder hun vertouwen en begeleiding was dit proefschrift niet tot stand gekomen. 
Beste Klaas, jij liet mij de vrijheid en mogelijkheden om m ijzelf te ontplooien. Jij adviseerde 
om eerst mijn docteraal te halen en dan te promoveren. Tijdens alle jaren stond jij altijd open 
voor vragen en hebben wij zeer prettig kunnen discussieren. Dit is voor mijn 
wetenschappelijke vorming zeer belangrijk geweest. De basis van mijn kennis heb ik op jouw  
afdeling kunnen opbouwen.
Ik ben je  dan ook dankbaar voor 21 jaren biomaterialen onderzoek.
Beste John, jij gaf mij de kans om dit onderzoek in Nijmegen uit te voeren. Jij bent voor mij 
de afgelopen vijf jaar een deskundige begeleider en fantastische collega geweest. Ondanks dat 
jij v ijf aio’s moest begeleiden, verliep het corrigeren van het concept manuscript altijd in een 
hoog tempo. ‘s M orgens afgeven, dezelfde middag al weer van commentaar voorzien. De 
manier waarop ik met jouw  over ons vak kan praten, geeft mij de mogelijkheid om mij nog 
beter wetenschappelijk te ontwikkelen.
Ik ben je  dankbaar en ik hoop in de toekomst op dezelfde wijze met je  te kunnen 
samenwerken.
Verder wil ik de volgende collega’s bedanken:
Biomaterialen Leiden: Jolanda, Christel, Sonja, Joy, Jurren en Joost.
Biomaterialen Nijmegen: Anja, Kitty, Gonny, Anne-Gitte, Yvonne, Hilde, Suzy, Olga, 
Marianne, Piet, Harry, Jan-Paul, Martijn, Frank en Edwin.
Dierenlab Nijmegen: Ton, Fred en Theo.
Zonder jullie zou het werken minder leuk zijn geweest en het proefschrift naar alle 
waarschijnlijk niet afgekomen.
Tenslotte bedank ik Herma, Debbie, Sandy en Pim. De afgelopen tijd heb ik meer tijd achter 
mijn computer gezeten en zijn jullie veel aandacht te kort gekomen. M aar jullie steun en 
vertrouwen waren voor mij onmisbaar tijdens het tot stand komen van dit proefschrift.
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